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The LHCb experiment is a single-arm forward spectrometer situated at the
Large Hadron Collider, CERN. LHCb is optimised for the precision study of
beauty and charm flavoured hadrons and in 2011 collected 1 fb−1 of proton-
proton collision data at a centre-of-mass energy of 7 TeV. The aim of LHCb is
to search for rare decays and make precise measurements of Charge-Parity (CP )
violation in the beauty and charm sectors. In the Standard Model the decay
B0→ φK∗(892)0 is described by a loop mediated process, providing a sensitive
test for new physics. In this decay, signs of CP violation could indicate the
presence of physics beyond the Standard Model. This thesis presents a study
of the flavour eigenstate B0 → φ(→ K+K−)K∗(892)0(→ K+π−) and its charge
conjugate B0-decay. The decay products form an admixture of CP -even and
CP -odd eigenstates, which can have longitudinal or transverse polarisation. An
angular analysis is performed to disentangle these different contributions and
the polarisation amplitudes and strong phases are measured. No difference is
observed between B0 and B0 amplitudes, supporting the hypothesis that CP is
conserved in this decay. In addition, the Triple Product Asymmetries (TPAs) are
determined from the products of the polarisation amplitudes and strong phases.
True TPAs are zero in the event that CP symmetry is conserved, while fake TPAs
can arise due to final-state interactions. Although the measured true TPAs are
consistent with zero, several significant fake TPAs are observed.
i
Lay abstract
For the Universe to appear as it does today, a process which favours matter over
antimatter must exist. This process is called CP violation and is well described
by current theory. Previous experiments have confirmed the existence of CP
violation, although not in the amounts expected in the early Universe. LHCb
is an experiment at the Large Hadron Collider which is specifically designed to
search for new sources of CP violation. This thesis describes an analysis of the
decay B0 → φK∗(892)0. Observation of CP violation in this decay would be
in contradiction to current predictions and would need to be described by new
physics models. The results show no evidence of CP violation in this decay,
supporting current theoretical predictions.
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Around 14 billion years ago the Universe spontaneously came into existence in
the process known as the Big Bang [1]. All of the energy in the Universe was
created at this point; ordinary matter, dark matter and dark energy, which exist
in approximately the ratio 1:5:14 [2]. Everything we see today, from the furthest
stars to life on Earth, is a remnant of this distant process.
In the time it takes to read these opening sentences, the Universe changed from
being a hot quark-gluon plasma to being cool enough for the first protons and
neutrons to form [3]. After a few minutes these combined with electrons to form
the first hydrogen atoms. Later, in a process known as primordial nucleosynthesis,
other light elements such as helium were formed. Interestingly, at this stage there
is a distinct lack of antinuclei.
It is assumed that at the beginning of the Universe an equal number of
quarks and antiquarks were created. As the Universe cooled new quark-antiquark
pairs stopped being produced and those remaining annihilated with each other.
Surprisingly, more quarks than antiquarks remained. Although the process by
which this asymmetry formed, known as baryogenesis, is not understood, it is
the first in a series of requirements for matter and antimatter to be produced at
different rates. These are known as the ‘Sakharov conditions’ [4]:
• A baryon number violating interaction must exist (baryogenesis).
• Charge (C) and Charge-Parity (CP ) violating interactions exist.
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• These interactions must occur out of thermal equilibrium.
The first of these is clearly needed to produce more particles than antiparticles.
The second condition ensures that a process which produces more particles than
antiparticles is not compensated by a process which produces more antiparticles
than particles; the CP operator is discussed in detail in Section 1.4. Lastly, the
process must occur out of thermal equilibrium since any reaction X → Y + B,
whereX and Y have baryon number zero and B has a baryon number greater than
zero, would be compensated by the inverse reaction Y +B → X. These processes
would otherwise have identical rates resulting in no net baryon asymmetry.
Antimatter was proposed in 1931 as an explanation for the negative energy
solution of the Dirac equation [5, 6]. The first antiparticle, the antielectron or
positron, was discovered by Anderson soon after in 1933 [7].
It took more than thirty years from the discovery of the positron until the
first observation of a CP -violating reaction [8]. Since this discovery more CP
violation has been uncovered, though not in the amounts expected in the early
Universe. The amount of CP violation in the Standard Model (see Sec. 1.2)
is ≈ 1010 times too small to explain the current baryon to photon ratio of the
Universe [9]. Therefore, additional sources of CP violation are sought which will
provide a greater insight into the first moments of the Universe.
The remainder of this Chapter will discuss the fundamental forces of particle
physics and CP violation. Chapter 2 describes the LHCb detector, which was
specifically designed to explore sources of CP violation. Chapter 3 motivates
the study of the decay B0 → φK∗(892)0 and Chapter 4 describes the analysis
procedure for this decay at LHCb. The results of this analysis, using data
collected by LHCb in 2011, are discussed in Chapter 5. The final chapter will
present a study of the expected sensitivity LHCb can achieve with a dataset
approximately three times as large as the one collected in 2011.
1.2 The Standard Model
Even in ancient times it was proposed that all matter was constructed from some
basic unit too small to be observed by the naked eye. This was named the atom:
meaning “uncuttable” or “indivisible”. Experimental evidence for the atom came
in the 19th century with the observation of Brownian motion and development of
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the periodic table.
It was, however, not until the tail end of the 19th century – with the discovery
of the electron by J.J. Thomson – that the field of particle physics started to
take shape. An entire zoo of particles was discovered over the next century, along
with the laws governing their interactions. These laws would go on to become
what is now known as the Standard Model of particle physics. The Standard
Model describes the strong, weak and electromagnetic forces and is one of the
most successful scientific theories of the 20th century. The Standard Model is
a significant step towards a unified theory, which attempts to unite the forces
described by the Standard Model with gravity.
1.2.1 Particle content of the Standard Model
The particles of the Standard Model can be split into matter particles and force
carrying particles. The former are spin-1
2
fermions and the latter are integer spin
bosons. Figure 1.1 shows the particles of the Standard Model with information
on their masses, spin and electric charge.
There are 12 fermions in total, or 24 if antiparticles are included, which can
be subdivided into quarks and leptons. Quarks and leptons differ in several
fundamental ways. Quarks carry colour charge (see Sec. 1.2.3) while leptons do
not. Quarks have electric charge 2/3 or −1/3, while leptons carry 0 or −1 and
leptons can propagate freely but quarks are bound into hadrons.
There are two types of hadron: mesons, which are formed from quark-
antiquark pairs (qq), and baryons which contain three bound quarks (qqq).
The antimatter version of baryons, antibaryons, are composed of three anti-
quarks (qqq). A quantum number B, known as baryon number, can be assigned
to quarks (antiquarks) such that baryons (antibaryons) have B = 1 (−1) and
mesons have B = 0.
Fermions belong to one of three generations. The first generation consists of
the up quark (u), down quark (d) and electron (e) which have electric charges
2/3,−1/3 and −1, respectively. The up and down quarks are the constituent
components of the proton (uud) and neutron (udd) and together with the electron
make up all observable matter in the Universe. The second generation contains
the charm quark (c), strange quark (s) and muon (µ) which are heavier versions
of the u-quark, d-quark and electron, respectively. The third generation contains
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Figure 1.1: Standard Model particles with spin, electric charge and approximate
mass shown. The electric charge has been normalised to the magnitude of the
electron charge.
the top (t) and bottom (b) quarks together with the tau (τ) and are heavier
again. Each generation also comes with a weakly interacting particle known as
a neutrino which has the same flavour as the charged lepton i.e. νe, νµ and ντ .
Neutrinos have zero electric charge and mass in the Standard Model1.
With the exception of the weak interaction (see Sec. 1.2.2), the three families
interact identically in the Standard Model and only vary in their masses and some
quantum numbers. The Standard Model contains no theoretical reason for the
number of quark generations to be the same as the number of lepton generations.
Additionally, it is not known why there are three generations of quarks and
leptons in the Standard Model, although measurements of the Z0 boson width
1Measurements of neutrino flavour oscillation have proven that neutrinos have non-zero
mass. Although the neutrino mass has not been measured directly, the mass differences can be
calculated from the oscillation parameters [10].
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have proven this to be the case for lepton masses below 45 GeV/c2 [11–13].
Four gauge bosons mediate the forces of the Standard Model and these will
be discussed in the sections below. Table 1.1 shows a summary of the range,
relative strength and force carriers of each fundamental force. Additionally there
is one spin-0 boson which is responsible for electroweak symmetry breaking [14].
The Higgs boson is such a candidate and was recently observed by the CMS and
ATLAS collaborations [15,16]. In total the Standard Model contains 30 particles
including antiparticle partners.
Force Boson (s) Range (m) Relative strength
Strong gluon 10−15 1
Electromagnetic photon ∞ 10−2
Weak W± and Z0 10−18 10−12
Gravity graviton ∞ 10−38
Table 1.1: Relative strength, range and gauge bosons of the fundamental
forces at low energy. At present the graviton is a hypothetical particle; no
experimentally verified quantum theory of gravity exists.
1.2.2 Electroweak force
The electromagnetic force is propagated by the photon and felt by all particles
with non-zero electric charge. As its influence is felt at the macroscopic level
it is arguably the most recognisable force, being responsible for the structure of
ordinary matter.
A typical electromagnetic interaction can be represented using a Feynman
diagram as shown in Figure 1.2. In this diagram an electron is used as an
example however this could be substituted with any charged fermion. In words
this diagram says that an electron came in, emitted a photon and then continued
its journey. This is the basic structure of the electromagnetic interaction and
more complex interactions can be depicted by attaching several of these vertices
together. Figure 1.3 shows the combination of two primitive vertices, this
represents Coulomb repulsion of two like-sign charges.
Quantum Electrodynamics (QED) is the relativistic quantum field theory
describing electromagnetism. It was developed during the mid 20th century and
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has been extremely successful. Measurements of the fine structure constant, α,
agree with theoretical predictions to better than 10 parts per billion [17,18].
Using QED it is possible to calculate the probability of interaction between
particles. The cross section for some interaction σ(X → Y ) is proportional
to |M(X → Y )|2 where M(X → Y ) is given by the product of the vertex
and propagator terms as described by the Feynman rules. According to these
rules each vertex contributes a factor of fermion charge Q, multiplied by the




e2/4πε0~c. Each photon propagator
contributes 1/q2, where q is the four-momentum transfer.
γ
e− e−
Figure 1.2: Feynman diagram showing a single photon-electron vertex. Time
flows from left to right.
The Feynman rules dictate that energy and momentum must be conserved
at each vertex and thus for a whole process [19]. Therefore, in the absence of
an external electromagnetic field, it is clear that the interaction vertex shown
in Figure 1.2 is forbidden as it violates energy conservation. Particles which
violate energy and momentum conservation are called virtual and can only exist
as internal lines on a Feynman diagram.
The amount of time a virtual particle can exist is inversely proportional to the





Since the photon is massless there is no lower limit on the amount of energy
needed to create a virtual photon, as a result the range of the electromagnetic
force is infinite.
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Figure 1.3: Feynman diagram showing Coulomb repulsion.
The weak interaction describes decays via W± and Z0 bosons. The weak
interaction is felt by all particles with a non-zero value of the quantum number
weak isospin. This includes all particles and force carriers with the exception of
the photon and gluon. Specifically, the W± couples to weak isospin while the
Z0 couples to a combination of weak isospin (T ) and weak hypercharge (YW ),
where the latter is a combination of electric charge (Q) and the third component
of weak isospin (T3)
YW = 2(Q− T3) . (1.2)
The decay of the W±, also known as a charged-current interaction, is unique
in that it can change the flavour of quarks from an up-type to a down-type or
vice-versa, as seen in Figure 1.4.
The range of the weak force can be estimated using Equation 1.1. As the
mass of the W± and Z0 bosons is large, the range of the weak force is limited to
∼ 10−18m. The masses of the gauge bosons are also responsible for the ‘weakness’
of the force.
The propagator term of the weak interaction is given by 1/(q2−M2W,Z) where
MW,Z is the W
± or Z0 boson mass. For a lepton decay the vertex term is simply
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Consider the decay τ− → e−νeντ with matrix element
|M(τ− → e−νeντ )|2 ∝ g2w/(q2 −M2W )2 , (1.4)
which at low energies is approximately g2w/(M
4
W ), where gw ≈ 0.66. Therefore,
the weak interaction is not intrinsically weak and only appears this way due to
the large masses of the W± and Z0 bosons.
At low energies the electromagnetic and weak interactions appear to be quite
different. However, work started in the 1960s by Weinberg, Salam and Glashow
suggested that the weak and electromagnetic forces are different manifestations of
a unified electroweak force. The theory states that at energies above ∼ 100 GeV
the electromagnetic and weak forces are symmetrically described by the W±, W 0
and B0 gauge bosons of the electroweak force. The W± and W 0 bosons couple
to weak isospin with coupling strength gW while the B
0 boson couples to weak
hypercharge with coupling g′.
As a result of spontaneous symmetry breaking at the electroweak scale the







cos θW sin θW






The coupling strengths are related to the electromagnetic coupling strength by
e = gw sin θW = g




sin θW cos θW
, (1.7)
where gz is the neutrino neutral-current counterpart of gw.
The electroweak theory was experimentally verified at CERN with the
discovery of neutral-current interactions in 1973 [20]. This resulted in a Nobel
prize for Weinberg, Salam and Glashow in 1979. The W± and Z0 bosons were
directly detected in 1983 by the UA1 and UA2 experiments at CERN [21,22]. For
the advances in accelerator technology needed to make this discovery possible,
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Carlo Rubbia and Simon van der Meer received Nobel prize awards shortly after.
The ratio of the masses of the W± and Z0 bosons can be used to determine





Precise mass measurements of the W± and Z0 bosons reveal [10]
sin2 θW = 0.23126± 0.00005 . (1.9)
W+
u d
Figure 1.4: Feynman diagram showing the quark flavour-changing process
u→W+d.
1.2.3 Strong force
With the discovery that the nucleus contains a mixture of protons and neutrons
came the need for a new force to describe their interaction. Clearly this new force
needed to be strong enough to overcome the electromagnetic repulsion between
protons but it also needed to be short range to account for its absence at the
macroscopic level.
The strong force is the fundamental force responsible for both binding quarks
together in hadrons and holding nucleons together in the nucleus. A simple
interaction involving the strong force is shown in Figure 1.5, this is analogous to
the basic QED vertex shown in Figure 1.2. A more complex diagram can be used
to illustrate quarks held together in a hadron, as seen in Figure 1.6.
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g
q q
Figure 1.5: The basic vertex of the strong interaction. Usually the ‘g’ is not
written as a curly line always represents a gluon.
q q
q q
Figure 1.6: Feynman diagram showing an interaction between a quark and an
antiquark mediated by a gluon.
The strong force acts on particles with colour charge. This is somewhat akin
to the electric charge in QED and both are conserved quantities. There are,
however, three types of colour charge rather than the single type of electrical
charge. These three types are known as red, blue and green. These are simply
labels and refer to the fact that the combination of a red quark, a green quark
and a blue quark create a colour-neutral baryon, formally known as a colour
singlet. Similarly, a colour-anticolour combination forms a colour-neutral meson.
All observed particles are colour singlets. In analogy to quantum electrodynamics,
the theory of the strong force is known as Quantum Chromodynamics (QCD).
Colour was originally proposed to explain certain baryons which would
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otherwise be in violation of the Pauli exclusion principle. For example, the
∆++ baryon has quark content uuu and spin 3/2, thus requiring three identical
quarks. In order to explain this observation it was postulated that each quark
carry a different colour charge, creating a colour-neutral ∆++. Crucially, the




[(rb− br)g + (bg − gb)r + (gr − rg)b]〉 , (1.10)
is antisymmetric under colour exchange and so obeys the Pauli exclusion principle.




(rr + bb+ gg)〉 , (1.11)
and is colour symmetric, however for mesons the flavour wavefunction is not
symmetric.
Although the gluon is massless the range of the strong force is limited to the
nuclear radius. This is because hadrons have no net colour charge and so cannot
couple to single gluons. Despite this, it is the strong force which keeps nucleons
together in the nucleus. This is known as the nuclear force and is explained by
pion exchange between nucleons. The strength of the force is described by the
Yukawa potential with a short range repulsive component. Using Eqn. 1.1 the
pion mass limits the range of the nuclear force to
r ' ~
2Mπc
' 1 fm . (1.12)
Despite some similarities, there are several important differences between
QED and QCD. In QED the photon acts on electrically charged particles but
is itself charge neutral. In QCD the gluons carry colour charge and so take part
in the strong interaction, including self-interactions, as shown in Figure 1.7. Since
quarks of different colours can interact, gluons must carry away the difference as
seen in Figure 1.8. Gluons therefore do not carry a single colour but a colour and
an anticolour.
One might naively expect that there are nine possible gluons, carrying colours
rr̄, gḡ, bb̄, rḡ, rb̄, gr̄, gb̄, br̄ and bḡ. If this was the case it would be possible to
create the superposition (rr̄ + gḡ + bb̄)/
√
3. Which as mentioned previously, is a
11
1.2. The Standard Model
Figure 1.7: Gluon self-interaction vertices. These are possible because gluons
carry colour charges.
colour singlet and thus cannot transmit the strong force. One of the combinations
must therefore be removed. The remaining terms are reorganised into eight
linearly independent combinations [23]




rr + bb− 2gg√
6
, (1.13)




6 are simply for normalisation.
gr,b̄
qr qb
Figure 1.8: Feynman diagram showing colour conservation in the strong
interaction. The quark changes colour and the gluon carries away the difference.
The subscript represents colour charge.
Another major difference between QED and QCD is the strength of the strong
coupling αs, which is close to one. This is approximately two orders of magnitude
greater than α, the coupling constant of the electromagnetic interaction, and
initially created problems for theorists. Feynman diagrams with large numbers of
vertices contributed to cross section calculations more than very basic diagrams,
meaning that higher order terms could not be safely ignored. It was therefore
a great relief when it was realised that the strength of αs is dependent on the
12
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distance between the interacting particles. Although at large distances αs appears
large, at short ranges its strength quickly diminishes. This is known as a running
coupling. The low strength of αs at short range means that within hadrons the
quarks are not tightly bound together but are free to move around. However at
distances of ∼ 1 fm the strength of the force is much greater, preventing hadrons
from falling apart. The quarks are said to have asymptotic freedom. Experimental
measurements of αs at different energies, hence different distances, are shown in
Figure 1.9 and support this hypothesis.













Figure 1.9: Measurements of the strong coupling constant, αs, as a function
of energy scale Q [24]. The yellow line is the predicted running of the coupling
relative to the measured strength at Q = MZ .
Since the quark model was postulated in the early 1960s, efforts to observe
individual quarks have failed. Supporters of the theory suggested that quarks
were ‘confined’ into hadrons, however no formal theory was constructed to explain
this. Colour provides an explanation for this behaviour. It can be said that
a colour field exists between quarks in close proximity to one another, this is
similar to the electric field between two charged particles. As the quark separation
increases the gluon self-interactions pull the colour field lines into narrow ‘tubes’.
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The force between the quarks therefore increases linearly with distance. It soon
becomes more energetically favourable to create a new quark-antiquark pair than
to increase the separation. For example, in a particle collision such as those at the
LHC, large streams of long-lived particles known as jets are seen in the detector
after pairs of quarks are pulled apart. Figure 1.10 shows an ATLAS event display
with several jets resulting from a proton-proton collision.
Figure 1.10: ATLAS event display showing several jets, each represented by
a different colour, resulting from a 7 TeV proton-proton collision at the LHC.
ATLAS Experiment c© 2013 CERN.
1.3 Quark flavour mixing
During the development of weak interaction theory it was not understood why
certain decays were suppressed with respect to others. When weak decays of
strange quarks were observed – which had not been expected – they exhibited
a suppression with respect to u → d transitions. Taking the ratio of matrix
14
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A new approach to the theory was needed. This was provided in 1963 by Nicola
Cabibbo and involved introducing a new parameter, now known as the Cabibbo
angle θc [25].
Although the quark model was not established at the time, Cabibbo’s work
explained that the W± boson does not couple directly to the down and strange
quarks but to a pair of rotated d′ and s′ states which are linear combinations of






cos θc sin θc






where d, s are the mass eigenstates and d′, s′ are the weak eigenstates.
Thus u → d and s → u transitions now occur with the couplings gw cos θc
and gw sin θc respectively. This interpretation maintains the universal coupling,
gw, between weak eigenstates, which are rotated by θc from the physical mass
eigenstates. This phenomenon is known as quark flavour mixing.
Cabibbo created a theory which allows quarks to change flavour within their
own family (u → d) and between families (s → u). In doing so he provided
a method to suppress decays which change strangeness, the quantum number
associated with the strange quark, which were shown to occur at a lower rate
experimentally.
The next major contribution to weak theory was the prediction of the charm
quark by Glashow, Iliopoulos and Maiani via the GIM mechanism [26]. The charm
quark is the up-type partner of the strange quark and was needed to explain the
decay rate of K0L → µ+µ−, which was several orders of magnitude lower than
expected. This new up-type quark introduces an additional Feynman diagram,
as seen in Figure 1.11, which negatively interferes with the first, thus lowering the
overall decay rate. The GIM mechanism also prevents flavour-changing neutral-
currents at tree level, which had been ruled out experimentally [27].
Experimental discoveries again forced theory to adapt in the early 1970s.
The discovery of CP violation in the kaon system (see Section 1.4.3) meant that
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Figure 1.11: Feynman diagrams for the process K0L → µ+µ−. The vertex
terms calculated for the diagram on the left are proportional to cos θc sin θc while
those given by the right diagram are proportional to − cos θc sin θc. These almost
cancel and thus highly suppress this decay.
quark mixing could no longer be explained by a single parameter. To describe this,
Kobayashi and Maskawa expanded the GIM mechanism to include two additional
quark flavours and the quark mixing matrix was expanded from a 2×2 to a 3×3
matrix [28]. The resultant matrix, known as the CKM (Cabibbo-Kobayashi-
Maskawa) matrix, can be defined by three angles and a single complex phase [23]
and can be written C1 C3S1 S1S3−C2S1 C1C2C3 − S2S3eiδ C1C2S3 + C3S2eiδ
S1S2 −C1C3S2 − C2S3eiδ −C1S2S3 + C2C3eiδ
 , (1.16)
where Ci = cos θi and Si = sin θi for i = 1, 2, 3. The CKM matrix is usually
written in terms of the quark transition probabilities |Vab|, where gab = gwVab












In the CKM matrix, unitarity constrains the sum of quark transition
probabilities for each flavour to one. This means the CKM matrix can be
completely described by four parameters, as seen in Eqn. 1.16. There are three
16
1.4. Charge, parity and CP operators
angles, which are related to the quark transition probabilities, and one phase
which allows CP violation in the Standard Model (see Section 1.4.3). Another
notable feature is that all diagonal elements are approximately equal to one,
reflecting the fact that it is much more likely for a quark to transition between
members of the same family than between different families.
Following the prediction by Kobayashi and Maskawa, the bottom and top
quarks were discovered in 1977 and 1995, respectively [29–31].
1.4 Charge, parity and CP operators
Symmetries play a huge role in modern physics, so much so that entire theories
are based upon them. The importance of symmetries was formalised in 1918 when
Emmy Noether provided a proof that symmetries of nature lead to conservation
laws [32]. For example, the laws of physics can be shown to be invariant under
a spatial translation, i.e. it does not matter where we perform an experiment.
Assuming the initial conditions are identical, the outcome will be the same. This
leads to the conservation of linear momentum. Similarly, the invariance of the
laws of physics with respect to time leads to conservation of energy.
1.4.1 Parity
Parity symmetry (P ) is the invariance of physical laws under a transformation
which changes the sign of the space coordinates
P |ψ(~x)〉 = |ψ(−~x)〉 , (1.18)
corresponding to a mirroring of each axis through the origin. For this reason
parity symmetry is sometimes called mirror symmetry. The parity operation
changes the handedness of a system, thus a left-handed system becomes right-
handed and vice versa. In quantum physics, parity is an intrinsic property of a
state and is usually written in conjunction with angular momentum as JP .
It is reasonable to assume that the laws of physics are invariant under a
parity operation. As the parity operation changes the handedness of a system
and choosing either one of these is a convention, one would expect the physics
to be the same in either coordinate system. This is indeed true in many cases.
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Consider angular momentum
~J = ~r × ~p , (1.19)
where the position vector ~r and momentum vector ~p both change sign under
parity. The net result is that angular momentum is invariant under the parity
operation. It can be shown that a range of classical theories, such as Newtonian
dynamics and electromagnetism, are also invariant under parity.
In the 1950s it was assumed that parity was always conserved. This had
been experimentally proven in electromagnetic and strong interactions, but was
unchallenged in weak decays. The so-called ‘τ − Θ problem’ prompted further
investigation of the subject.
The τ+ was a particle which decayed to π+π0 while the Θ+ decayed to
π+π−π+. This was interesting because measurements had shown that the τ+
and Θ+ had the same mass and lifetime, making it highly likely they were the
same particle. The ‘problem’ was that the final-states had opposite parity, +1
for π+π0 and −1 for π+π−π+. This prompted theorists Yang and Lee to suggest
that parity is not conserved in weak decays and that the τ+ and Θ+ were one and
the same (now known as the K+) [33]. A colleague of Lee, C.S. Wu, later carried
out an experimental test of parity conservation in beta decays of cobalt-60 [34].
The result was clear evidence of parity violation in weak decays.
Another experiment which played an important role in the understanding of
parity symmetry in the weak interaction was the measurement of neutrino helicity
in 1958 [35], one year after the experiment by Wu. This pivotal measurement
confirmed that all neutrinos are left-handed: they have −1 helicity. Conversely,
all antineutrinos are right-handed.
Applying the parity operator to a left-handed neutrino
P |νL〉 = |νR〉 , (1.20)
produces a right-handed neutrino, however the latter is not observed in nature.
Similarly acting on an antineutrino with parity produces a left-handed antineu-
trino
P |νR〉 = |νL〉 , (1.21)
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which is also unobserved. Parity, therefore, is maximally violated in the weak
sector.
1.4.2 Charge-conjugation
Charge-conjugation symmetry states that particles and antiparticles behave in
the same way. The charge-conjugation operator (C) changes a particle into its
antiparticle partner
C|e−〉 = |e+〉. (1.22)
Considering the example of neutrino helicity, it is easy to see that charge-
conjugation symmetry is not universal and is violated in weak decays. Applying
the charge-conjugation operator to a left-handed neutrino
C|νL〉 = |νL〉 , (1.23)
produces a particle which is not observed in nature.
In response to the τ −Θ problem, Landau predicted that although C and P
may be violated individually, the combined operation of charge-conjugation and
parity (CP ) is a true symmetry [36]. Extending the neutrino example, acting on
a neutrino with CP
CP |νL〉 = |νR〉 , (1.24)
transforms a left-handed neutrino into a right-handed antineutrino. For a short
while order had been restored to the weak sector.
1.4.3 CP violation
The discovery that CP symmetry was violated came only a few years after the
resolution of the τ −Θ problem; again through the study of kaon decays [8].
Two weak eigenstates exist in the neutral kaon system K0L (K-long) and
K0S (K-short). These are eigenstates of the weak interaction because they have
definite lifetimes, with K0L living approximately 1000 times longer than K
0
S . It




1.5. CP violation in the B system




An experiment by Cronin, Fitch et al. aimed at studying K0L found a small
number (0.2%) which decayed to the two pion final state; this unambiguously
announced that CP asymmetry was broken in the weak sector. Interpreting
these results it can be said that although K0S and K
0
L are weak eigenstates they
are not CP eigenstates. The weak eigenstates are actually superpositions of CP
eigenstates K1 and K2
|K0S 〉 =
1
(1 + |ε|2)1/2 (|K1〉 − ε|K2〉) , (1.25)
|K0L〉 =
1
(1 + |ε|2)1/2 (|K2〉+ ε|K1〉) , (1.26)
where ε is some small complex number. Thus, K0S can decay to a three pion
final-state with some small probability. Similarly K0L can decay to a two pion









(|K0〉+ |K0〉) . (1.28)
Since this discovery, CP violation has also been observed in the beauty sector.
In 2011 evidence was presented for CP violation in the charm system [37], however
a more precise search in 2013 found no CP violation [38].
1.5 CP violation in the B system
The concept of CP violation was introduced in Section 1.4.3 using an example
from the kaon system. This is one way in which CP violation can manifest itself;
further methods will be discussed in this section.
Neutral B mesons are capable of oscillating between their particle and
antiparticle versions, this is known as neutral meson mixing and is shown in
Figure 1.12.
The B0 mesons which are observed are described in terms of heavy (BH) and
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Figure 1.12: Feynman diagram showing mixing in the B0 system.
light (BL) mass eigenstates
|BH〉 = p|B0〉 − q|B0〉 , (1.29)
|BL〉 = p|B0〉+ q|B0〉 , (1.30)
where p and q are complex numbers normalised such that |p|2 + |q|2 = 1.
Given the decays B → f and B → f , where f is a CP eigenstate which can
be reached via B or B decays, the following amplitudes can be defined
Af ≡ 〈f |H|B〉 , (1.31)
Af ≡ 〈f |H|B〉 , (1.32)
where H is the Hamiltonian for weak interactions. As physics must be invariant
under an arbitrary phase change γf , the phase of the final state can be rotated
such that
|f〉 → eiγf |f〉 . (1.33)
This has the following effect
Af → ei(γ−γf )Af , (1.34)






where γ and γ is the initial phases. From this it can be seen that the quantities
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which are invariant under such a phase change, and thus observable, are
|Af | , |Af | ,
|q|
|p| , (1.37)






These variables are important when describing CP violation and will be used in
the following sections.
1.5.1 Direct CP violation
Direct CP violation requires that there are at least two processes which contribute
to the decay amplitude, each with different strong and weak phases. Due to
conservation of electric charge, this is the only type of CP violation possible in
charged particles.
Considering the decays B → f and B → f , with amplitudes Af and Af
respectively, it is possible to write down two decay amplitudes [39]
Af = |A1|ei(δ1+γ1) + |A2|ei(δ2+γ2) , (1.39)
Af = |A1|ei(δ1−γ1) + |A2|ei(δ2−γ2) , (1.40)
where δ1,2 are the CP invariant strong phases and γ1,2 are CP -odd weak (CKM)
phases. The decay rates are proportional to the amplitudes squared
|Af |2 = |A1|2 + |A2|2 + 2|A1||A2| cos(δ1 − δ2 + γ1 − γ2) , (1.41)
|Af |2 = |A1|2 + |A2|2 + 2|A1||A2| cos(δ1 − δ2 + γ2 − γ1) . (1.42)
The difference between these rates is
|Af |2 − |Af |2 = 4|A1||A2| sin(δ1 − δ2) sin(γ1 − γ2) . (1.43)
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Direct CP violation occurs when Equation 1.43 is non-zero, i.e.
|Af |
|Af |
6= 1 . (1.44)
From Equation 1.43 it can be seen that Equation 1.44 is only satisfied when both
the weak and strong phase differences are non-zero.
Experimentally this corresponds to a difference in yields between B → f and
B → f
ACP (B → f) =
N(B → f)−N(B → f)
N(B → f) +N(B → f)
, (1.45)
where N are the number of events observed after corrections which take the
detector acceptance and production asymmetry into account.
Direct CP violation has been observed in the decay B0 → K+π−, most
recently by the LHCb collaboration [40]. The CP asymmetry is measured to
be
ACP (B
0 → K+π−) = −0.080± 0.007 (stat)± 0.003 (syst) . (1.46)
The LHCb collaboration has also shown the first observation of CP violation in
the B0s system using the decay B
0
s → K−π+ [40], measuring
ACP (B
0
s → K−π+) = −0.27± 0.04 (stat)± 0.01 (syst) . (1.47)
1.5.2 Indirect CP violation
Indirect CP violation is sometimes called ‘CP violation in mixing’ because it
occurs when
|q|
|p| 6= 1 , (1.48)
where q and p are defined in Equation 1.30. This corresponds to a difference in
probability
P (B → B) 6= P (B → B) , (1.49)
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where P (B → B) is the probability of oscillation from a B meson to a B meson
and P (B → B) is the probability for the opposite process.
Experimentally this type of CP violation is measured by comparing the
number ofB mesons produced which decay asB and vice-versa. The flavour of the
B meson at decay is typically determined from the charge of the B decay products
while the flavour at production is determined from the opposite B meson; as in
the measurement made by LHCb in the mode B0s → D+s µ−νµ [41]
assl ≡
N(B → f)−N(B → f)
N(B → f) +N(B → f)
(1.50)
= (−0.06± 0.50± 0.36)% . (1.51)
This is in agreement with the Standard Model, which predicts only a small amount
of CP violation in B-mixing [42].
In a similar measurement, the same-sign dimuon asymmetry presented by the






= (−0.496± 0.153± 0.072)× 10−2 , (1.53)
where the Cd,s parameters include the effects of B
0 and B0s meson flavour
oscillation and the difference in production rates of these mesons. In contrast to
the LHCb results, this measurement differs from the Standard Model prediction
by 2.8 standard deviations.
1.5.3 CP violation in interference
If a final state is accessible from both B and B states there can be CP violation
even if both |Af |/|Af | = 1 and |q|/|p| = 1. This is possible because of the
interference between states which oscillate before decay, B → B → f , and those
which do not, B → f . The following statement needs to be true for CP symmetry
to be broken in this way:
Im(λ) 6= 0 , (1.54)
where λ is defined in Equation 1.38.
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The angle β is the phase of a ratio of CKM elements and measuring it with
high precision was one of the main goals of the B-factories. The angle arises from







This angle is determined from a decay-angle and time-dependent fit, typically
using the tree-level decay mode B0 → J/ψK0S because of its high branching
fraction. The world average value is [10]
sin 2β = 0.675± 0.020 , (1.56)
which is dominated by the B-factory measurements [44,45].
A complimentary measurement, βeff, can be made using the decay mode B
0 →
φK0S . The value of βeff is expected to differ slightly from β as B
0 → φK0S must
proceed via a loop diagram and so has a different decay amplitude; this also
makes it an excellent probe of new physics. The BaBar collaboration have made
a measurement using this channel and found
βeff = 0.22± 0.27± 0.12 , (1.57)
where the first uncertainty is statistical and the second systematic [46].
A similar measurement has been performed by LHCb using the decay mode








Again it is extracted via a time and angle dependent fit to give [47]
φs = 0.07± 0.09 (stat)± 0.01 (syst) rad , (1.59)
which is consistent with the Standard Model expectation of φs ' −0.03 [48].
The decay B0s → φφ also proceeds via a loop diagram and can be used to
determine the CP violating phase φφφs . This is the b→ sss transition equivalent
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of φs, which uses b→ scc decays. LHCb has measured this phase to be [49]
φφφs = −0.17± 0.15 (stat)± 0.03 (syst) rad , (1.60)
which is consistent with the Standard Model expectation of |φφφs | < 0.02 [50–52].
The decay B0s→ φφ is topologically similar to B0→ φK∗0, which is discussed in




2.1 The Large Hadron Collider
The Large Hadron Collider (LHC) [53] is the largest experiment on Earth. It
occupies the 27 km long tunnel originally used by the Large Electron-Positron
Collider, and with a design energy of 7 TeV per proton beam is the highest energy
particle collider ever built.
The LHC aims to answer the following questions
• Is the Higgs mechanism responsible for electroweak symmetry breaking and
therefore the masses of the gauge bosons?
• Is the Standard Model a complete representation of nature, or is it simply
a part of a larger design such as Supersymmetry?
• What is the origin of dark matter and dark energy?
• Why is there an abundance of matter and very little antimatter in the
Universe?
The first of these questions has already been answered by the ATLAS and CMS
collaborations with the discovery of a new boson of mass ∼ 126 GeV/c2 [15,16]. To
answer the remaining questions requires either directly producing new particles
or indirectly probing their effects in virtual quantum loops.
The LHC is designed to circulate and collide protons at a centre-of-mass
energy of 14 TeV, seven times greater than that of the Tevatron, the previous
collider at the energy frontier. The design luminosity of the LHC is 1 ×
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Figure 2.1: The CERN accelerator complex and experimental sites (not to
scale) [54].
1034cm−2s−1 with a maximum bunch crossing rate of 40 MHz. The maximum
number of bunches is 2808 and each bunch contains around 100 billion protons.
However, as a result of a poorly soldered joint causing a major quench in 2008 [55],
the centre-of-mass energy was limited to 7 TeV during 2011. During this time the
LHC reached a maximum instantaneous luminosity of ∼ 4× 1033cm−2s−1.
The protons which eventually collide inside one of the experiments at the LHC
begin as hydrogen molecules. The hydrogen is then heated to produce a plasma
after which the electrons are stripped from the protons using a magnetic field.
The protons are then injected into the first stage of the LHC acceleration chain,
LINAC2. Here they are accelerated to an energy of 50 MeV before passing into the
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Proton Synchrotron Booster which accelerates the protons to a further 1.4 GeV.
The proton bunches then pass through the Proton Synchrotron (25 GeV) and the
Super Proton Synchrotron before being injected into the LHC with an energy of
450 GeV. A diagram of the accelerator chain is shown in Figure 2.1.
The LHC is host to four main experiments. The detectors are split between
General Purpose Detectors (GPDs), ATLAS [56] and CMS [57], and more
specialised experiments, ALICE [58] and LHCb [59]. The GPDs are built to
exploit the unique energy of the LHC and search for new particles directly
produced in collisions. ALICE is an experiment designed to study the collision
of lead ions, which can be injected into the LHC in the place of protons. Finally,
LHCb is built to study particles containing b or c quarks, with an emphasis on
rare decays and CP violation.
2.2 The LHCb spectrometer
The Large Hadron Collider Beauty (LHCb) experiment is a single-arm forward
spectrometer designed to take advantage of the huge beauty and charm cross
sections at the LHC. When produced at the LHC, bb pairs are primarily formed
in gluon-gluon fusion. As the energies involved are much greater than the bb rest
mass, the resulting b quarks are highly boosted in the direction of the beam axis,
as shown in Figure 2.3. The geometry of LHCb is optimised to take advantage of
this by covering the angular range 10-300(250) mrad in the bending (non-bending)
plane.
The detector is constructed from several sub-detectors with the layout shown
in Figure 2.2. The z-axis is along the beam pipe whilst the y-axis is in the vertical
direction, the x-axis completes a right-handed coordinate system.
Each aspect of the detector has been optimised for the measurement of
CP violation and the study of rare decays. The tracking system is composed
from the Vertex Locator and tracking stations, and provides precise vertexing
of the interaction point. This gives the experiment excellent proper-time and
momentum resolution which is vital for the study of the quickly oscillating B0s
meson and is useful for rejecting combinatorial background. Precise particle
identification is provided by two Ring Imaging Cherenkov (RICH) detectors,
allowing LHCb to distinguish between different types of charged hadron in a
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Figure 2.2: Layout of the LHCb detector.
large momentum range (2-100 GeV). The calorimeter system provides energy
measurements of electrons, photons and hadrons and is also used in the trigger
system. The muon stations identify muons and measure their momentum for use
in the trigger. The trigger itself is highly flexible and records both leptonic and
hadronic final states of b and c quarks with high efficiency.
The experiment is designed to be optimal when the number of visible
interactions per bunch crossing is ∼ 1. This makes events easier to analyse
and reduces radiation damage to the detector. Low occupancy in the subsystems
also reduces the bandwidth required to read out the detector. The experiment
was designed to be optimal for a luminosity of 2 × 1032cm−2s−1, two orders of
magnitude below the nominal luminosity of the LHC and the GPDs. However,
for much of 2011 and 2012 LHCb recorded data at an instantaneous luminosity
of 4 × 1032cm−2s−1. Achieving lower luminosity at the LHCb interaction point
requires the focussing quadrupoles to be further away from the collision point than
in the GPDs, and to be of a lower strength. The beams can also be adjusted to
have some displacement in the transverse direction while maintaining the same
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interaction point. This displacement can be altered during a fill to maintain

















Figure 2.3: Simulation showing the production angles of pairs of b quarks with
respect to the beam axis [60]. The angles shown in red are inside the LHCb
detector acceptance.
2.3 Tracking system
The tracking system is used to reconstruct the trajectories of charged particles
passing through the detector. The tracking system of an experiment dedicated
to flavour physics is arguably one of the most important components as this can
be used to identify secondary vertices displaced from the primary interaction
point. This is a distinctive feature of heavy flavour decays. Combining tracking
information taken before and after the magnet allows the momentum of each
particle to be determined. The tracking system is comprised of a dipole magnet,
the Vertex Locator (VELO) and four tracking stations.
2.3.1 Magnet
A warm dipole magnet is used to deflect charged particles in the x-direction [59,
61]. This allows momentum to be measured based on the curvature of a track. A
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superconducting magnet was considered but was excluded based on construction
cost and time.
The magnet is formed from a window-frame yolk of steel construction and
coils of aluminium as seen in Figure 2.4. The yolk supports the coils and shapes
the magnetic field. Two coils are placed symmetrically above and below the
beam and are saddle shaped to follow the detector acceptance. This minimises
the required current, hence the cost, while generating the required integrated B
field. The coils are made from 15 layers of hollow aluminium ‘pancakes’ with a
central volume for water cooling of 25 mm diameter. The total weight of the yolk
and coils exceeds 1500 tons.
Figure 2.4: LHCb dipole magnet with water and current connections shown
(dimensions in mm). The interaction point lies upstream from the magnet which
is into the page in this view.
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The integrated B field from 0 to 10 m in the z direction is ∼ 4 Tm. This is
required to achieve the tracking requirements of δp/p = 0.6 % for momentum (p)
up to 200 GeV/c.
2.3.2 Vertex locator
Reconstructing particle decay vertices in a hadronic environment is a challenging
but rewarding exercise. Due to the ∼ 1.5 ps lifetime of b hadrons and the
relativistic boost in the lab frame, decay vertices found 1 cm from the primary
interaction point are typical. It is the role of the VELO to reconstruct the primary
and secondary vertices using space points from tracks measured around the beam
pipe. Without this separation of vertices, accurate measurements of beauty and
charm hadron decay times would not be possible.
The VELO is constructed from 21 silicon sensor stations arranged from
-18 cm to +80 cm in the z-axis with the detection plane perpendicular to the beam
direction, as shown in Figure 2.5. Each station is composed of two silicon strip
detectors. One uses a radial strip layout to measure tracks in the φ direction and
the other uses an azimuthal layout to measure tracks in the R direction. Each
VELO sensor has a circular construction where the inner radius of the active
area is 8.17 mm and the outer radius is 42 mm. The small inner radius means the
distance between the decay vertex and the first hit in the VELO is minimised,
improving the resolution. However, this distance is smaller than the aperture
required by the LHC during beam injection when the beams are broad. For this
reason each VELO sensor is made from two retractable halves. Each half is moved
out by 30 mm during injection via a stepper motor system. Both detector halves
cover 182◦ in φ allowing full angular coverage and the ability to internally align
the detector using tracks. Due to the overlap, each sensor half is displaced by
15 mm in the z direction from its partner.
The R measuring sensors are subdivided into four sections of 512 strips in
order to reduce occupancy and improve track reconstruction speed. The strip
pitch increases from 40µm at the inner edge to 101.6µm at the outer edge. The
φ measuring sensor is split into an inner and outer region of 683 and 1365 strips
respectively also for reasons of occupancy. The pitch is 35.5 (39.3)µm at the
inside edge of the inner (outer) region, increasing linearly to 78.3 (96.6)µm at
the outside edge of the inner (outer) region. The φ strips do not radiate outwards
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perpendicular to the centre but at a small angle; one region has a skew of−10◦ and
the other +20◦. Which region has which skew is alternated between subsequent
VELO stations to help associate correct φ and R hits in the detector.
In order to protect the LHC vacuum from outgassing of the VELO equipment
and to shield the VELO electronics from RF pickup coming from the beam, a
secondary vacuum vessel is placed around each half of the VELO detector. It is
constructed from 0.3 mm-thick aluminium foil which is doped with magnesium
to increase its strength. The foil is corrugated to reduce the amount of material
seen by the particles and also to accommodate the overlapping sensor structure.
This has the added benefit of increasing the stiffness of the foil.
Figure 2.5: VELO sensor location [59] on the beam axis and diagram showing
closed (left) and open (right) VELO positions. The pileup VETO stations are
not currently used by the experiment.
2.3.3 Tracking stations
Following the VELO, the LHCb tracking stations provide information on particle
tracks both up and downstream of the magnet. The Tracker Turicensis (TT),
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Inner Tracker (IT) and Outer Tracker (OT) make up the tracking system.
The TT is located immediately downstream of RICH1 before the magnet
and covers the entire acceptance. Its primary uses are to improve momentum
resolution and to record long-lived tracks such as those from K0S mesons, which are
electrically neutral and typically decay outside of the VELO acceptance. Three
more equidistant tracking stations (T1-T3) are immediately downstream of the
magnet. The inner and outer region of each tracking station, known as the IT
and OT respectively, use different technologies. The TT and IT both use silicon
microstrip technology and are collectively referred to as the Silicon Tracker (ST)
project, while the OT is constructed from gaseous straw drift tube detectors.
Each station of the ST has four silicon detector layers. The first and last
layers measure hits in the x-direction using vertical strip readouts whereas the
second and third layers are rotated by a stereo angle of +5◦ and −5◦ allowing
sensitivity in the y-direction. In the TT there is a gap of ∼ 30 cm between the
stereo layers in order to improve the momentum resolution at the trigger level.
The distance between the corresponding layers in the IT is ∼ 4 cm.
Each IT layer is divided into four detector boxes to cover the areas above,
below, left and right of the beam pipe. The sensors must be maintained at less
than 5◦C to reduce leakage current caused by radiation damage from the beam.
Therefore the boxes are thermally, electrically and optically isolated.
The OT uses straw drift tubes to record particle tracks. It uses the same
detector layout as the ST with quadrants surrounding the beam pipe making up
a single station. Each module consists of two layers of straw tubes staggered
by a distance of 5.5 mm. The tubes have an inner diameter of 4.9 mm and
are filled with the a mixture of argon and CO2 in the ratio 70/30 to give a
fast drift time while utilising a non-flammable gaseous mixture [59]. Keeping
the drift time below 50 ns restricts hits from overlapping events. This improves
track reconstruction efficiency and lowers the probability of spurious tracks being
created in the detector reconstruction. The layout of the OT tracking stations,
including a cross section of a single module, is shown in Figure 2.6.
Using LHCb collision data taken between 2010 and 2012 the average efficiency
of all OT modules was measured to be (99.3 ± 0.3) % for hits near the centre
of the straws [62]. For hits near the edge of the straw the efficiency is slightly
lower, as seen in Figure 2.7. The non-zero efficiency for hits predicted outside
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the radius of the straws is due to random hits from other tracks not under study















Figure 2.6: (a) OT module cross section. (b) Layout of OT stations and
modules in the LHCb detector. The second station (T2) is shown in an exploded
view [62].
2.4 Particle identification
The role of particle identification (PID) is to efficiently distinguish between
different types of charged particles, specifically electrons, muons, pions, kaons and
protons. This is vital for many of the analyses conducted by LHCb, particularly
in fully hadronic modes where good PID is needed to separate different final
states.
Particle identification is also used in a process called flavour tagging, which
identifies whether a b hadron is matter or antimatter. This is used in many
analyses which cannot infer the decaying b hadron flavour by using its decay
products. The same side tagger makes a decision on the flavour of b hadrons
by identifying the charged kaon which was produced during the hadronisation
process [63]. The opposite side tagger uses the charged daughters of the other
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Figure 2.7: Efficiency profile of a typical OT module as a function of the
drift distance. The vertical lines signify the edge of the straw tube at |r| =
2.45 mm [62].
b decay in the event to make a decision [64]. These methods are not possible
without accurate particle identification.
2.4.1 RICH system
LHCb uses Ring Imaging Cherenkov (RICH) detectors to separate charged
hadrons. The RICH system is composed of two independent sub-detectors
which provide particle identification over different momentum ranges. Situated
upstream of the magnet immediately after the VELO, RICH1 covers the full
LHCb acceptance. This upstream position allows RICH1 to identify particles
which are later swept out of the detector acceptance and minimises the detector
area needed to give full angular coverage. The RICH2 detector is placed
downstream, situated between the last tracking station and the first muon station.
It covers a smaller acceptance of ±15 mrad to ±120 mrad (±100 mrad) in the
horizontal (vertical) plane. This is consistent with the polar angle distribution of
high momentum tracks coming from b decays in the forward direction.
The RICH detectors make use of the Cherenkov effect. When a charged
particle passes through a dielectric medium the atoms inside the material interact
with the electromagnetic field and become polarised. These atoms then return
to the ground state via photon emission. If the speed of the charged particle is
greater than the local phase velocity of light in the medium then these photons
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Figure 2.8: Cross section of the RICH1 detector showing the layout of mirrors
and photon detector arrays [65].
Cherenkov angle, θc, to the particle direction. The Cherenkov angle is related to





where n is the refractive index of the material and β = v/c is the ratio of the
particle velocity and the speed of light in a vacuum. Therefore if θc is measured
and n is known, the speed of the particle can be inferred. The particle speed is
combined with the momentum measured by the tracking system to determine the
particle mass.
Each RICH detector consists of two spherical mirrors, two flat mirrors, two
photon detector arrays, and radiator materials. The radiators for RICH1 are a
5 cm-thick slice of aerogel and 85 cm of C4F10 gas. The aerogel has a refractive
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index of 1.03 and provides π-K separation below 10 GeV/c while the C4F10 has a
refractive index of 1.003 and provides π-K separation up to ∼ 50 GeV/c. RICH2
utilises 170 cm of CF4 gas as a radiator to cover the momentum range ∼ 20 −
100 GeV/c.
The radiators are located around the beam pipe. The spherical and flat
mirrors focus the Cherenkov light onto the RICH detector planes which are
located outside of the LHCb acceptance to reduce the material budget. The
RICH1 layout is shown in Fig. 2.8.
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Figure 2.9: Kaon identification efficiency (red) and pion misidentification
rate (black) as a function of momentum: calculated using data [66]. The filled and
open markers represent different requirements on the likelihood that a particle
is a kaon, with the filled markers being the more stringent requirement.
The detector arrays use the Hybrid Photon Detector (HPD) to record the
Cherenkov light. The HPDs are an amalgamation of vacuum photocathode
and silicon pixel technology with integrated readout electronics. The HPDs
have a 7 mm-thick spherical quartz entrance window with a thin multi-alkali
photocathode deposited on the inner surface. Photons passing through the
window are converted to electrons via the photoelectric effect and accelerated by
a −20 kV electric field onto the sensor. Additional electrodes provide focussing
and demagnification.
The sensor is a 300µm-thick silicon pixel detector. The chip contains 8192
pixels with dimension 500 × 62.5µm each and a logical OR is taken between
eight adjacent pixels giving an effective pixel count of 1024, each with dimension
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0.5× 0.5 mm. Accounting for the demagnification this gives a 2.5 mm resolution
on the quartz entrance window.
Figure 2.9 shows the kaon identification and pion misidentification rate
as a function of momentum and Figure 2.10 shows the clear separation of
different charged particle species based on Cherenkov angle. Using data the
kaon identification efficiency averaged over the momentum range 2-100 GeV/c, was
found to be ∼ 95 % with 10 % pion misidentification fraction [66]. The data used
correspond to ∆LL(K − π) > 0 in Figure 2.9. An example of the discrimination
provided by the RICH system is shown in Figure 2.11 using B → h+h− decays.
Figure 2.10: Reconstructed Cherenkov angle as a function of particle
momentum for the C4F10 radiator. Bands identifying protons, kaons and pions
are clearly visible [66].
2.4.2 Calorimeters
The role of the calorimetry system is to identify hadrons, electrons and photons
and make measurements of their energy deposition and spatial position. This
allows the reconstruction of neutral particles which decay to photons such as
π0 and the tagging of electrons from semileptonic b decays. One of the most
important uses of the calorimeter is to trigger on high energy hadrons, allowing
LHCb to collect large samples of b mesons and baryons which decay hadronically.
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Figure 2.11: Invariant mass distribution for B→ h+h′− decays using LHCb
data [67] before (left) and after (right) particle identification has been applied
by the RICH. The turquoise line represents the signal under study, B0 → π+π−.
Other b-hadron decays are represented by the red dot-dashed line (B0 → K+π−),
orange dashed line (B0 → 3-body), yellow line (B0s → K+K−), brown line (B0s →
K−π+), purple line (Λ0b → pK−) and green line (Λ0b → pπ−). The combinatorial
background is represented by the grey line [66].
The calorimeter system is composed of a Scintillating Pad Detector (SPD),
Preshower detector (PS), Electromagnetic Calorimeter (ECAL) and a Hadronic
Calorimeter (HCAL), allowing energy and position measurements to be made
over a range of particle types. Each component of the calorimeter system covers
the detector acceptance down to 25 mrad, which prevents radiation damage from
particles near the beam pipe.
The SPD is placed immediately downstream of RICH2. It is a 15 mm-
thick scintillating pad and uses Wavelength Shifting Fiber (WSF) to collect the
scintillation light, which is then transferred to a Multi-Anode Photomultiplier
Tube (MAPMT). As only charged particles produce scintillation light, the SPD
allows the separation of electron and photon showers collected by the ECAL.
The SPD can also be used to estimate track multiplicity and events with a large
number of tracks are rejected by the trigger (see Sec. 2.5).
The PS is identical in construction and operation to the SPD. The addition
of a 12 mm-thick block of lead between the SPD and the PS allows the PS to
be used to separate electron and hadron showers due to the difference in their
shower properties.
The ECAL resides downstream from the PS. It is a sampling calorimeter
which alternates 4 mm-thick layers of scintillating material and 2 mm-thick layers
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Figure 2.12: Left: Hadronic calorimeter response to 50 GeV pions from test-
beam (hatched histogram) and from simulation (dots). Right: HCAL energy
resolution in test beam data (filled dots) and different simulation codes (open
dots). The curve is a fit to the test-beam data [59].
of lead. The layers are orthogonal to the beam direction and have WSF
threaded throughout to collect scintillation light. Each ECAL, SPD and PS
scintillator panel is divided into three regions of cell length ∼ 4, 6 and 12 cm
with the most coarse layer being furthest from the beam pipe. This follows the
model used by other sub-detectors to optimise resolution and maintain roughly
constant hit occupancy throughout the detector. The complete ECAL utilises
66 lead/scintillator layers for a total depth in z of 835 mm, corresponding to a
total of 25 radiation lengths (X0). This ensures that high energy photons are
completely absorbed and thus provides optimal energy resolution. The design
resolution of the ECAL is 10%/
√
E ± 1 % [68].
The operating principle of the ECAL and HCAL is similar but the layout of the
HCAL within LHCb is rather different. The HCAL is also a sampling calorimeter
with scintillating material interspersed with sheets of iron, but unlike the ECAL
these layers are parallel to the beam direction. This means the incoming particles
have a ‘side on’ view of the tiles. The iron is 1 cm thick in the lateral direction
while in the longitudinal direction the iron and scintillator corresponds to a single
hadronic interaction length (λI) in steel. As hadronic showers are more collimated
than electromagnetic cascades this orientation improves sampling in the x − y
plane. The HCAL layers are divided into an inner and outer area of cell width
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131.3 mm and 262.6 mm respectively. Limited by the size of the cavern, the
complete HCAL corresponds to 5.7 hadronic interaction lengths (λI). This is not
enough to fully contain hadronic showers and leads to a moderate resolution of
(69± 5)%/
√
E⊕ (9± 2) % [59]. Figure 2.12 shows the HCAL response to 50 GeV
pions from test-beam data. This resolution is sufficient to fulfill the main purpose
of the HCAL, which is to trigger on hadronic particles.
2.4.3 Muon stations
Leptons make up around 10% of the total b-hadron branching fraction and
several high profile analyses have muons in the final state, making efficient muon
identification paramount to the success of the experiment. The muon system
provides the ability to trigger on events involving muons with high transverse
momentum (pT) and is used together with the calorimeters in the first trigger
stage (see Section 2.5.1). To do this the muon system must achieve a time
resolution of less than one bunch spacing (25 ns). The second major function
of the muon system is to allow offline muon identification with high efficiency
and low π misidentification. This is especially important in semileptonic decays
of neutral mesons as the charge of the muon provides information on the flavour
of the decaying parent meson.
As muons are highly penetrating, the muon system is the furthest sub-detector
from the interaction point. It comprises five tracking stations, M1-M5, interleaved
with iron shielding. The first of these, M1, is positioned before the calorimeter
preshower to allow for a more precise momentum measurement in the muon
trigger (see Section 2.5). Further stations are positioned immediately after the
hadronic calorimeter interleaved with layers of iron which shields the stations
from hadrons. Each chamber consists of four concentric square regions with
different logical pad granularity. As the particle flux increases closer to the beam
pipe the granularity of the pad also increases, this is illustrated in Figure 2.13.
The granularity is greater in the bending plane to improve the precision of the
momentum calculation.
Each station is made up from four layers of Multi-Wire Proportional
Chamber (MWPC) with two adjacent layers read out using a logical OR. The first
station is an exception as it uses two layers of MWPC for the outer region and














Figure 2.13: Front view of muon station quadrant, corresponding to either M2
or M3, showing regions of different logical pad size [69].
number of layers reduces the material seen by traversing particles before reaching
the calorimeters, while GEM technology is used due to the high particle flux in
the inner region of the detector.
Both technologies operate in a similar fashion. Charged particles ionise
electrons as they traverse the gas inside the chamber and a voltage differential
accelerates the electrons to an anode. In MWPCs an electron avalanche near the
anode gives a collected charge large enough to be identified above background.
The MWPCs use a gas mixture of CO2, argon and CF4 with the ratio 55:40:5,
resulting in a fast readout time. The anode wires are 30µm in diameter and
constructed from gold-plated tungsten with an inter-wire spacing of 2 mm. The
GEM detectors utilise a 50µm kapton foil sandwiched between copper coils for
electron multiplication. The copper has a series of small holes at a frequency of
one every 140µm. The sheets of copper are separated by a large voltage potential,
resulting in an extremely high electric field at the holes (∼ 100kV/ cm). The
result is electron multiplication of the order 1000 which can be collected and read
out.
By utilising a series of control channels, the muon identification efficiency
and probability to misidentify a charged particle as a muon have been measured
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using pp collision data [69]. The muon identification efficiency was measured to
be > 96% (> 98%) in the momentum region > 0.8 GeV/c (> 1.7 GeV/c), with low
hadron misidentification in all regions (see Figure 2.14 for further details). The
majority of muon misidentifications come from the decay of pions and kaons in
flight, which is why the misidentification probability is higher at low momentum.
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Figure 2.14: Muon identification efficiency (a) and misidentification
probabilities for p→ µ (b), π → µ (c) and K → µ (d) as a function of momentum




The LHC is designed to provide a bunch crossing rate of up to 40 MHz. Of
this roughly 11 MHz of inelastic collisions enter the LHCb acceptance. Due to
bandwidth, CPU and hardware constraints it is impossible to process and record
all of this information. The trigger reduces the input data rate to manageable
levels whilst retaining interesting physics events with a high efficiency. The
first stage of the trigger is hardware based and referred to as the Level-0 (L0)
trigger. It operates synchronously with the 40 MHz bunch crossing rate and uses
custom electronics to reduce the data rate from 11 MHz to 1 MHz. The High-
Level Trigger (HLT) is software based and operates asynchronously from the LHC
bunch crossings. The trigger is divided into two stages, HLT1 and HLT2, and
further reduces the data rate to ∼3 kHz which is read out to storage for later
analysis [70].
2.5.1 Hardware trigger
The first stage of the trigger is required to make fast decisions about the quality
of an event, deciding if it contains enough interesting information for further
processing. The decay products of heavy particles such as b hadrons typically
have large transverse energy with respect to the beam axis. The L0 trigger is
hardware based and looks for high transverse energy (ET) in the calorimeter or
high pT in the muon stations as a sign of potentially important events.
To evaluate the trigger decision, the calorimeter tiles are grouped into 2 × 2
squares and the energy within summed. This arrangement ensures that most
of the energy of a single particle is contained within the group and minimises
the overlap with other particles. The energy deposited is associated to hadrons,
electrons or photons using the full suite of detectors in the calorimeter system.
The candidate with the highest ET from each category (electron, hadron or
photon) is then retained or rejected depending on preset energy thresholds. For
hadrons the threshold is typically 3.5 GeV while for clusters in the ECAL the
threshold is 2.5 GeV [70]. In addition, to preserve bandwidth and processing
power the SPD is used to identify and veto events with large charged particle
multiplicity. In 2011 events with more than 600 SPD hits were rejected [70].
As many decays involving muons are interesting and their signature in the
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detector is rather striking, the muon system is an obvious choice to make up the
second part of the L0 trigger. Hits are seeded in the third muon station, M3, and
a straight line extrapolation is made to the interaction point. A track is made
if hits are found within a customisable field of interest around the expected hit
position in each of the muon stations. Hits in the first and second muon station
are used to calculate the muon pT to a precision of ∼ 20%. The single muon pT
threshold is 1.2 GeV/c while for pairs of muons it is a combined pT of more than
1 GeV/c. The two highest pT muons in each quadrant of the detector are selected
and this information along with the clusters from the calorimeters are passed to
the L0 Decision Unit (DU).
The L0 DU uses an algorithm to combine information from the calorimeters
and muon systems to make a decision on whether an event should be accepted
or rejected. This decision is passed to the readout supervisor which also has
information on the available buffer size, any calibration triggers which are being
run and the minimum bias trigger rate. Depending on the current trigger rate,
the readout supervisor can then veto or accept the event.
2.5.2 Software trigger
The LHCb High-Level trigger (HLT) runs on a large computing farm known as
the Event Filter Farm which consists of roughly 2000 nodes. The trigger is written
in C++ which makes it a powerful and flexible system that can react to changes
in physics priority and beam conditions. The HLT makes use of a large part of
the total event information to improve the fraction of interesting physics content
while reducing the rate coming from the L0 trigger to 3 kHz.
The HLT has two stages. The first stage, HLT1, confirms the L0 trigger
decision by reconstructing tracks in the VELO and tracking stations and matching
these tracks to clusters in the calorimeter or hits in the muon station. If the cluster
comes from a neutral particle such as a photon then HLT1 ensures this cannot
be matched to a charged track.
The second stage, HLT2, applies inclusive and exclusive selections to provide
highly b- and c-flavour enriched samples. Loose cuts on impact parameter and
momentum are used to select tracks which are combined into composite particles
such as J/ψ → µ+µ− or φ→ K+K−. These composite particles are used for all
further selections to avoid duplication in the creation of final states. The final
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trigger is a logical OR of the inclusive and exclusive selections.
2.6 LHCb software suite
The LHCb software suite is built around the Gaudi framework [71, 72]. It
comprises software specialised for each stage of data analysis with individual
components detailed below [73]:
• Gauss - Used for the generation of simulated data. Pythia 6.4 [74]
is used to generate pp collisions with a specific LHCb configuration [75].
EvtGen [76] is used to describe the decays of b and c hadrons, while
Photos [77] is used to generate final-state radiation. The interaction of
the generated particles with the detector and its response are implemented
using the Geant4 toolkit [78] as described in Ref. [79].
• Boole - Takes as input simulated data and simulates the detector response
and digitisation. Produces data which is in the same form as that from the
detector data acquisition and electronics.
• Moore - Applies the HLT to data or simulated data, also applies the L0
trigger to the latter (see Sec. 2.5).
• Brunel - Fully reconstructs data or simulated data by considering hits in
the tracking system or muon stations and energy deposits in the calorimeter.
It also provides information on particle identification via the RICH and
muon systems.
• DaVinci - Provides offline data selection and analysis; for example, by
searching for vertices using Brunel tracks and using these tracks, together






Studies of b-hadron decays provide powerful tests of the validity of the Standard
Model. In particular, neutral B-meson flavour oscillations and decays involving
loop/box diagrams are sensitive to new particles entering in the loop.
In this chapter the motivation for studying the decayB0→ φK∗0 † is discussed.
The functional form of the angular and mass distributions are also shown. This
forms a basis for the angular analysis discussed in Chapter 4. The results of this
analysis are presented in Chapter 5 with future prospects discussed in Chapter 6.
3.1.1 CP violation
The total amount of measured CP violation is not enough to account for the
matter-antimatter asymmetry in the Universe. Therefore, in order to increase
our understanding of the Universe it is important to search for new sources of
CP violation.
Flavour-changing neutral-current (FCNC) transitions such as b → sss are
forbidden at tree level in the Standard Model and can only proceed via a loop
diagram such as in Figure 3.1. Particles suggested by new physics models
may be virtually produced in these loops [80]. In such a case the phase or














Figure 3.1: Leading order Feynman diagram for the b→ sss transition
B0→ φK∗0.
coupling strength at the vertices of the corresponding Feynman diagram would
be altered, manifesting itself as a divergence from Standard Model expectations.
Examples of observables which could be affected include the branching fraction,
the polarisation or the amount of CP violation in the decay.
One such decay mode which can be used to investigate b → sss transitions
is B0 → φK∗0. No evidence of CP violation has so far been observed in this
mode [81–86]. Further details on previous measurements of this decay mode are
provided in Section 3.4.
3.1.2 Polarisation puzzle
The decay B0→ φK∗0 is a pseudoscalar to vector-vector (P → V V ) transition.
Therefore, due to angular momentum conservation there are a total of three
possible spin configurations for the φK∗0 pair. These are described by the
helicity amplitudes H+1, H0, H−1. It is convenient to write these amplitudes
in the transversity basis as the transversity amplitudes have definite CP












A0 = H0, (3.3)
where A0 and A‖ are CP -even and A⊥ is CP -odd. The polarisations are
represented visually in Figure 3.2.
In the Standard Model the W -boson couples only to left-handed particles (or
right-handed antiparticles). For b → s transitions, such as in B0→ φK∗0, this
leads to the naive expectation that the s quark has helicity +1
2
. The resulting
φ meson can have helicity +1 or 0, but not −1. Due to helicity conservation in
the strong force the s quark from the K∗0 and the s quark from the φ must have
opposite spin. Additionally, angular momentum conservation states that the φ
and K∗0 should have the same helicity. These expectations can be altered as weak





or vice-versa. This is suppressed by ∼ ms/mb where ms(b) is the mass of the s(b)
quark. The previous statements lead to the following naive expectation of the
helicity amplitude hierarchy, H0  H+1  H−1 or A0  A⊥ in the transversity
basis, where A⊥ ' A‖ [87]. This hierarchy is evident in tree-dominated P → V V
decays such as B0 → ρ+ρ− and B0 → D∗−ρ+ [88, 89]. However, the expectation
of dominant longitudinal polarisation is not observed in penguin dominated decay
modes such as B0→ φK∗0 and B0 → K∗0ρ0 [83, 86,90,91].
This is sometimes known as the “Polarisation Puzzle” and has led to
suggestions of new physics by some [92–94], while others have attributed this
discrepancy to final-state interaction effects [95–97]. It has been argued that
final-state interactions alone cannot reduce the longitudinal fraction to the value
seen in data [98] and contributions from penguin annihilation processes, such as
those suggested in Ref. [99], must also be included. More recent calculations
based on QCD factorisation give polarisation fractions similar to those seen in
data, however these suffer from extremely large uncertainties [50,95].
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Figure 3.2: Possible spin configurations for P → V V decays in the helicity
and transversity bases. In the helicity basis the arrows represent the relative
direction of the quark spin components while in the transversity basis the arrows
represent the spin vectors of the K∗0 and φ mesons relative to one another.
3.2 Differential decay rate
In P → V V decays such as B0→ φK∗0 an angular analysis is needed to measure
the CP -even and CP -odd fractions. This is necessary in order to look for CP
violation in the polarisation amplitudes. Section 3.2.1 discusses the angular
distribution of the decay rate while Section 3.2.2 shows the models used to
describe the mass distributions.
3.2.1 Angular distributions
Decays involving P → V V transitions have final states which are a superposition
of three spin states. Each of these has a known angular distribution which can
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Figure 3.3: Definition of the decay angles for B0→ φK∗0 in the helicity basis.
be separated using a statistical analysis. The amplitude for a generic P → V1V2
decay is written [100–102]
A(P → V1V2) = A0ε∗LV1 ε∗LV2 −
A‖√
2
~ε∗TV1 · ~ε∗TV2 − i
A⊥√
2
~ε∗V1 × ~ε∗V2 · p̂ , (3.4)
where ~εVi is the unit polarisation of Vi (for i = 1, 2), p̂ is the unit vector along the
direction of motion of V2 in the rest frame of V1. The longitudinal polarisation
vector can be written ε∗LVi ≡ ~ε∗Vi · p̂ and the transverse as ~ε∗TVi ≡ ~ε∗Vi − ε∗LVi p̂. From
this, it is clear that the A0 polarisation is when both particles have longitudinal
polarisation with respect to the momentum vector of V2. The amplitudes A‖ and
A⊥ correspond to spin vectors transverse to the momentum vector of V2, in the
former the spin vectors are collinear to one another and in the latter they are
orthogonal.
All of the amplitudes are CP -even, however the term proportional to A⊥ is
CP -odd due to the odd power of p̂. Therefore, the overall A0 and A‖ parts are
CP -even while the A⊥ part is CP -odd.
Each amplitude is a complex number with a CP -conserving strong phase δi
and a CP -violating weak phase γi
A0 = |A0|ei(δ0+γ0) , (3.5)
A⊥ = |A⊥|ei(δ⊥+γ⊥) , (3.6)
A‖ = |A‖|ei(δ‖+γ‖) . (3.7)
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In the Standard Model it is assumed that the weak phases of the amplitudes are
equal i.e. γ0 = γ⊥ = γ‖. The CP -conjugate decay has the following amplitudes
A0 = |A0|ei(δ0−γ0) , (3.8)
A⊥ = |A⊥|ei(δ⊥−γ⊥) , (3.9)
A‖ = |A‖|ei(δ‖−γ‖) . (3.10)
The CP -conserving phase comes from strong interactions, for instance between
final-state particles. The CP -violating phase comes from weak interactions and is
associated with elements of the CKM matrix. It should be noted that even though
the weak phase in the conjugate amplitudes changes sign, this is not direct CP
violation as a difference in both strong and weak phases is needed, as discussed
in Sec. 1.5.1. CP violation can however manifest itself from the interference of
strong and weak phases as discussed in Sec 3.3.
The angles between the decay products are defined in the helicity basis as
shown in Figure 3.3. The angles are determined in the rest frame of the B0. In
this notation, θ1 is the angle between the K
∗0 momentum vector and its daughter
K+ momentum vector. Similarly, θ2 is the angle between the φ momentum vector
and the daughter K+ momentum vector. The angle between the vectors normal
to the decay planes is denoted Φ.
In cases where both vectors decay to pseudoscalars, as is the case for
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Im(A⊥A∗0) sin 2θ1 sin 2θ2 sin Φ . (3.11)
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Im(A⊥A∗0) sin 2θ1 sin 2θ2 sin Φ . (3.12)
The K+K−K+π− final state has contributions from both scalar (S) and
vector (V) resonances. In this analysis P → V V , P → V S and P → SV decays
are considered, which are separated by studying their kinematic distributions.
Including scalar contributions (S-wave) into the differential decay rate requires
modifying Equations 3.11 and 3.12 to include additional amplitudes which
describe the scalar fraction. These are denoted AKπS and A
KK
S in reference to
the scalar contribution coming from either the Kπ or KK pair.
The contribution from higher spin resonances is assumed to be negligible at
the Kπ and KK masses under study (see Section 4.2 for data selection). This is
due to the narrow widths and high masses of these states, e.g. K∗2(1430)
0 has a
mean of ≈ 1430 MeV/c2 and a width of ≈ 100 MeV/c2 [10].
Introducing these S-wave amplitudes and their associated interference adds
nine terms to Equations 3.11 and 3.12. At this point it becomes useful to rewrite








Ki fi(θ1, θ2,Φ) , (3.13)
and similarly for the B0-decay, where Ki are functions of the polarisation
amplitudes and fi are the angle dependent terms. These terms are written
explicitly in Table 3.1 which also introduces mass dependent terms, these are
the topic of the next section.
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The rate is normalised separately for the B0 and B0 decays such that the P-
and S-wave fractions are
FP = |A0|2 + |A‖|2 + |A⊥|2 , FS = |AKπS |2 + |AKKS |2 , FP + FS = 1 , (3.14)
and
FP = |A0|2 + |A‖|2 + |A⊥|2 , F S = |AKπS |2 + |A
KK
S |2 , FP + F S = 1 . (3.15)
3.2.2 Mass distributions
Equations 3.11, 3.12, 3.13 are written as a function of helicity angles only. This
is an incomplete description of the decay rate as the amplitudes are also strictly
a function of the resonance masses mKπ and mKK . The resonance line shapes are
parameterised the same for the three P-wave amplitudes. Thus, when only the P-
wave amplitudes are considered the mass dependence decouples from the angular
functions. This decoupling breaks when S-wave amplitudes are introduced,
specifically the interference between the P-wave and S-wave terms have an explicit
mass dependence. The phase difference between P- and S-wave contributions
varies with mass across the P-wave resonance. To account for this, Equation 3.13
gains a mass dependent part for each term and is rewritten
d5Γ





Ki fi(θ1, θ2,Φ) Mi(mKπ,mKK)dΦ4(K,K,K, π) , (3.16)
where N is a normalisation constant, Ki are the polarisation amplitudes, fi are
the angle dependent terms,Mi are the mass dependent terms and dΦ4 is a four-
body phase space factor. These terms are written explicitly in Table 3.1 and
explained in further detail in the following sections.
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3.2. Differential decay rate
The Kπ P-wave
The Kπ P-wave mass amplitude M1(mKπ) is parameterised by a relativistic spin-





where R1(mKπ) is a spin-1 relativistic Breit-Wigner
R1(mKπ) =
mK∗Γ(mKπ)
(mK∗)2 −m2Kπ − imK∗Γ1(mKπ)
, (3.18)
and mK∗ is the K
∗0 resonance mass, mKπ is the measured Kπ mass and N is a
complex constant which normalises the amplitude in the mass range under study.
The momentum of a daughter particle in the resonance rest frame is denoted
q(m,mA,mB) =
√
(m2 − (mA +mB)2)(m2 − (mA −mB)2)
2m
, (3.19)
where m is the mass of a particle with daughter masses mA and mB. The mass






1 + r2q(mK∗ ,mK ,mπ)
2







where ΓK∗ is the K
∗0 resonance width and r is the interaction radius [105]. The
charged kaon and pion masses are given mK and mπ, respectively. The values
used for the mean and width of the K∗0 can be found in Table 3.2.
In this analysis, Equation 3.18 uses the convention that the phase of M1(mKπ)
at mK∗ is zero. The phase of M0(mKπ) is also fixed to zero at mK∗ , together this
ensures that the measured S-wave phase is defined as the phase difference δKπs −δ0
at the resonance mean, where by convention δ0 = 0.
The KK P-wave
The KK P-wave amplitude is described in a similar way to the Kπ P-wave, using
a relativistic spin-1 Breit-Wigner (Equation 3.17). However, the mKπ is replaced
with mKK , ΓK∗ with Γφ and mK∗ with mφ. The values used for the mean and
width can be found in Table 3.2.
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(Kπ)0 K
∗(892)0 (KK)0 φ(1020)
m ( MeV/c2 ) 1435± 5± 5 895.81± 0.19 939.9± 6.3 1019.455± 0.020
Γ ( MeV/c2 ) 279± 6± 21 47.4± 0.6 - 4.26± 0.04
r ( ~c/GeV ) - 3.0± 0.5 - 3.0± 0.5
a ( GeV−1 ) 1.95± 0.09± 0.06 - - -
b ( GeV−1 ) 1.76± 0.36± 0.67 - - -
gππ ( MeV ) - - 199± 30 -
gKK/gππ - - 3.00± 0.3 -
Table 3.2: Values used for the spin dependent resonances in this analysis.
The mass of the resonance is m, Γ is the width, r the interaction radius, a the
scattering length and b is the effective range. The P-wave parameters are taken
from Ref. [10], the Kπ S-wave parameters from Ref. [106] and the KK S-wave
parameters from Ref. [107].
The narrow width of the φ resonance (4.26 MeV/c2 [10]) is comparable with the
resolution of the reconstructed K+K− mass at the LHCb detector (∼ 1 MeV/c2),
as seen in Figure 3.4. Therefore, to include this effect, the K+K− line shape is
modified by convolving each term in Equation 3.16 with a Gaussian distribution.
Strictly the resolution depends on the momentum of the K+K− pair, this is


























Figure 3.4: Difference between reconstructed mKK (m
RECO
KK ) and true
mKK (m
TRUE
KK ) using simulated data. A Gaussian distribution is fit to the data,
the width (σ) is taken to be the resolution on the reconstructed KK mass.
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The Kπ S-wave
The Kπ S-wave component, M0(mKπ), is modelled using the LASS parameteri-
sation [83,106]. This model takes the sum of a spin-0 relativistic Breit-Wigner, to













where N is a complex constant which normalises the distribution over the mass
range and fixes the phase of the amplitude to be zero at the nominal K∗(892)0














where mK∗0 is the nominal mass of the K
∗
0(1430) resonance, a is the scattering








where ΓK∗0 is the width of the K
∗
0(1430) resonance as found in Table 3.2.
The KK S-wave
The KK S-wave mass distribution is modelled using the Flatté parameterisa-
tion [108], which describes a resonance near threshold (see the section “Dalitz
Plot Analysis Formalism” in [10]). The amplitude is given by
M0(mKK) = N
[ 1




3.3. Triple product asymmetries
where gKK,ππ are coupling constants. A complex term N normalises the amplitude
over the mass range and also fixes the phase of the amplitude to be zero at the φ















− 1 mKK < 2mX ,
(3.26)
where X = K, π. In this analysis the values for the Flatté function are taken
from Ref [107] and are shown in Table 3.2.
Four-body phase space




q(mKK ,mK ,mK)q(mKπ,mK ,mπ)q(mB,mKπ,mKK) , (3.27)
where mB is the nominal B
0 meson mass.
3.3 Triple product asymmetries
Triple Product Asymmetries (TPAs) can be a useful tool in the investigation of
CP violation [92,100,109–112]. In B0→ φK∗0 two types of TPA can be observed,
so called true and fake TPAs. If significant true TPAs are observed it would be
an unambiguous sign of new physics.
Triple products of momentum vectors take the form ~p1× ~p2 · ~p3, which is odd
under time reversal. Using the angular basis defined in Figure 3.3 two T -odd
triple products can be defined [92,110–112]
(~n1 × ~n2) · ~p1 = sin Φ , (3.28)
2(~n1 · ~n2)(~n1 × ~n2) · ~p1 = sin 2Φ , (3.29)
where ~p1 is a unit vector in the direction of the K
∗0 momentum in the B0 rest
frame and ~n1 and ~n2 are unit vectors normal to the decay planes of the K
∗0
and φ mesons, respectively. T -odd asymmetries can be written as the difference
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between the number of events with positive and negative values of U = sin 2Φ or
V = sθ1θ2 sin Φ where sθ1θ2 = sign(cos θ1 cos θ2)
A(1)T ≡
Γ(U > 0)− Γ(U < 0)
Γ(U > 0) + Γ(U < 0)
, (3.30)
A(2)T ≡
Γ(V > 0)− Γ(V < 0)
Γ(V > 0) + Γ(V < 0)
. (3.31)
Using this method to study the decay K0L → π+π−e+e− a (13.6± 1.4± 1.5)%
T -odd asymmetry was observed by the KTeV collaboration [113]. This supports
earlier measurements made by the KTeV [114] and NA62 [115] collaborations and
is in agreement with theoretical predictions [116–118].
Triple products can also be defined using combinations of the polarisation
amplitudes and strong phases. Integrating Equation 3.11, which only contains






N(|A0|2 + 2|A⊥|2 sin2 Φ + 2|A‖|2 cos2 Φ− 2Im(A⊥A∗‖) sin 2Φ) . (3.32)
As shown in Equation 3.29, sin 2Φ can be used to search for a T -odd asymmetry.
Considering Equations 3.30 and 3.32 produces a triple product asymmetry which
is a function of polarisation amplitudes [110]
A(1)T ≡
Γ(U > 0)− Γ(U < 0)




















|A0|2 + |A⊥|2 + |A‖|2
. (3.35)







|A0|2 + |A⊥|2 + |A‖|2
. (3.36)
Although the triple product asymmetries defined in Equations 3.30, 3.31, 3.35
and 3.36 are T -odd, they are not genuinely CP -violating. Specifically, a non-zero
triple product asymmetry of this form can be the result of a difference between the
strong phases of corresponding polarisation amplitudes, which are CP -conserving,
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while the weak phase difference is zero.




(AT + AT ) , (3.37)
produces an observable which is genuinely CP -violating [100,110] i.e. AT = −AT
if CP symmetry is conserved.
If direct CP violation is assumed to be zero, such that
Aλ = |Aλ|ei(δλ+γλ), Aλ = |Aλ|ei(δλ−γλ) (λ = 0,⊥, ‖) , (3.38)




0) = 2|A⊥||A0| cos(δ⊥ − δ0) sin(γ⊥ − γ0) . (3.39)
This is sometimes called a true triple product asymmetry in contrast to fake




(AT − AT ) . (3.40)
An example of a fake asymmetry is the following
Im(A⊥A∗0) + Im(A⊥A
∗
0) = 2|A⊥||A0| sin(δ⊥ − δ0) cos(γ⊥ − γ0) , (3.41)
as it can be non-zero due to strong phase differences even when the weak phase
difference vanishes.






Γ(U > 0)− Γ(U < 0)
Γ(U > 0) + Γ(U < 0)
− Γ(U > 0)− Γ(U < 0)



















Γ(U > 0)− Γ(U < 0)
Γ(U > 0) + Γ(U < 0)
+
Γ(U > 0)− Γ(U < 0)


















Γ(V > 0)− Γ(V < 0)
Γ(V > 0) + Γ(V < 0)
− Γ(V > 0)− Γ(V < 0)




















Γ(V > 0)− Γ(V < 0)
Γ(V > 0) + Γ(V < 0)
+
Γ(V > 0)− Γ(V < 0)















The introduction of S-wave terms into the decay rate, as seen in Equation 3.16,
allows the definition of two further triple products
A(3)T =
Γ(sθ1 sin Φ > 0)− Γ(sθ1 sin Φ < 0)











Γ(sθ2 sin Φ > 0)− Γ(sθ2 sin Φ < 0)











Kπ,KK is the lower (upper) mass limit under study and sθi = sign(cos θi)
for i = 1, 2. The dependence on mass is not seen in triple products which are
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constructed only from P-wave terms because all P-wave terms have the same
dependence on mass.
The S-wave interference terms can be written in terms of true and fake triple
product asymmetries using Equations 3.37 and 3.40.
3.4 Previous measurements
The first observation of the decay B0→ φK∗0 was made by the CLEO collabo-
ration in 2001 [119]. This was followed by branching fraction measurements and
angular analyses by the Belle and BaBar collaborations [81–86]. The branching
fraction as averaged by the Particle Data Group is (9.8±0.6)×10−6 [10], in good
agreement with theoretical predictions [50,95].
The previous most precise angular analysis was performed by the Belle
collaboration in 2013 using 1100 signal events [86]. In their analysis a statistical
precision of 6% was obtained on the longitudinal fraction with a systematic
uncertainty of 11%. The dominant systematic uncertainty on this measurement
is due the uncertainty on the efficiency function. No evidence of CP violation
was observed in this analysis.
Using 1 fb−1 of collision data collected by LHCb an analysis of the decay B0→
φK∗0 has been carried out which improves upon the Belle measurement [86,120].
The LHCb analysis is described in Chapter 4 with the results shown in Chapter 5.
Chapter 6 discusses the future prospects for this decay mode.
65
Chapter 4
Analysis of B0→ φK∗(892)0
4.1 Data sample
The analysis of B0→ φK∗0 uses pp collision data corresponding to an integrated
luminosity of 1 fb−1. The data were collected at
√
s = 7 TeV in 2011 by the
LHCb detector. Selection criteria are applied in the first stages of the analysis to
improve the signal to background ratio.
This analysis also uses simulated data to validate the fit model (see Ap-
pendix B) and to understand the detector acceptance (see Sec. 4.5). The
generation of simulated data is discussed in Sec. 2.6.
The simulation is generated with the polarisation amplitudes and phases
shown in Table 4.1. These values are based on early measurements by Belle
and BaBar. The simulated data does not have any K+π− or K+K− S-wave
components and the effect of this is studied in Sec. 5.3.1. Five million events are
generated which are required to pass the same selection as the real data (see
Sec. 4.2) after which 45550 simulated events remain. Samples of B0s → φφ,
B0s → K∗0K∗0, Λ0b → pKKK and Λ0b → pπKK decays are also generated as





First, each event must pass the hardware stage of the trigger as described in
Section 2.5. In this analysis two categories of events that pass the hardware
trigger stage are considered: those where the signal b-hadron products are used
in the trigger decision (TOS) and those where the trigger decision is based on
other activity in the event (TIS) [70]. The software trigger accepts events with
at least a three-track secondary vertex, where one of the particles has pT greater
than 1.7 GeV/c and is well separated from the primary pp interaction vertex (PV).
This is accomplished by requiring that at least one particle has a χ2IP with respect
to any PV greater than 16, where χ2IP is the difference in χ
2 of a given PV
reconstructed with and without the additional track. A multivariate algorithm
is used to further identify vertices consistent with the decay of a b quark [121].
4.2.2 Loose selection
A loose offline selection is then performed which rejects a large proportion of
background but retains much of the signal. The final-state particles are required
to have pT greater than 500 MeV/c with a χ
2
IP > 9 for each track. To differentiate
between pions and kaons in the final state, the difference in logarithms of the
likelihood is taken between the kaon and pion hypotheses, ∆LL(K − π) [122].
The kaons from the φ meson are required to have ∆LL(K − π) > 0, while the
pion from the K∗0 must have ∆LL(K − π) < 0. In order to suppress π+π−
combinatorial background, the kaon from the K∗0 has a tighter requirement of










associated to actual charged particles, are suppressed using the output of a neural
network trained to discriminate between these and real particles [123].
The resulting charged particles are then combined to form φ and K∗0 meson
candidates. The mass of the K+π−(K+K−) pair is required to be within
±150 MeV/c2 (±15 MeV/c2) of the known K∗0 (φ) meson mass [10] and the pT
of the resonances is required to be greater than 900 MeV/c. In order to suppress
background from B0s → φφ decays where one kaon is misidentified as a pion, the
K+π− mass is recalculated assuming the K+K− hypothesis and this is required
to be more than 15 MeV/c2 away from the known φ meson mass.
The φ and K∗0 meson candidates are combined to form B0 meson candidates,
which are required to have mass in the range 5150 < M(KKKπ) < 5600 MeV/c2.
A fit of the B0 vertex is made by requiring all four final-state particles to originate
from a common vertex, the χ2 of this fit per degree of freedom must be less than
15. The B0 meson candidate is required to be displaced from the PV by requiring
that its flight distance significance is more than five standard deviations. Finally,
the B0 meson is required to originate from the primary vertex by using the
following criteria: B0 χ2IP < 5 and the distance of closest approach between the
PV and B0 meson trajectory less than 0.3 mm, if more than one B0 meson is found
the closest to the PV is chosen. After this selection is applied approximately 8000
candidates remain, the distribution of these candidates in the B0 mass spectrum
is shown in Fig. 4.1.
4.2.3 Geometric likelihood
The background is further suppressed through the use of a multivariate technique,
the geometric likelihood method (GL) [124–127]. The GL is trained on a signal
sample consisting of simulated B0→ φK∗0 decays and a background sample from
the upper mass sideband of the B0 meson, M(KKKπ) > 5413 MeV/c2 and the
sidebands of the φ meson mass, |mKK −mφ| > 15 MeV/c2. The data used for the
sidebands are shown in Figure 4.2 and are not used in the subsequent analysis.
The GL takes the discriminating variables for signal and background distri-
butions and transforms them into uncorrelated Gaussian distributions. For each


































Figure 4.1: B0 meson mass before (black lined histogram) and after (red
histogram) the GL has been applied. The loose selection described in Sec. 4.2
has been performed.
where Si and Bi are the normalised Gaussian distributions for signal and
background, respectively, with mean of zero and width of one. The sum is over
the i discriminating variables, of which there are six in this analysis. A new
discriminating variable is created
∆χ2 = χ2B − χ2S , (4.2)
which is transformed to be uniformly distributed between zero and one for signal;
the background will then peak at zero.
The GL uses the following variables to discriminate between signal and
background: the B0 meson impact parameter with respect to the PV, the distance
of closest approach between the φ and K∗0 meson trajectories, the measured
lifetime of the B0 meson candidate, the pT of the B
0 meson, the minimum
χ2IP of the K
+K− pair and the minimum χ2IP of the K
+π− pair. The figure
of merit optimised by the GL is S/
√
S +B where S (B) is the number of
signal (background) candidates. Based on the number of candidates observed
in Fig. 4.1, the GL is optimised assuming 2000 (6000) signal (background)
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Figure 4.2: B0 meson mass against φ meson mass. The data in green are used
for the subsequent analysis while those in black are only used to train the GL.
candidates. The maximum value of the figure of merit is found to be 24.6 which
corresponds to a GL value of greater than 0.1, as seen in Fig. 4.3. This reduces
the sample size for the subsequent analysis to 1852 candidates.
4.3 Fit method
4.3.1 Maximum likelihood method
This analysis uses the maximum likelihood method to determine the physics
parameters from the data. The likelihood (L) for a set of physics parameters
~λ given a data sample with distributions w is equal to the probability density
function (P) for w given ~λ [128]
L(~λ|w) = P(w|~λ) . (4.3)
The theory of maximum likelihood estimation states that the values for the
physics parameters which maximise the likelihood are the most probable given















Figure 4.3: Figure of merit as a function of GL value. The GL value
corresponding to the maximum value of the figure of merit is shown by a red
dotted line.
typically taken. Taking the logarithm preserves the order of a function, thus
finding the maximum of lnL is equivalent to finding the maximum of L. For a





over a sum of i events. The physics parameters which maximise Eqn. 4.4 are
taken to be the most likely values for that data set.
4.3.2 sPlot technique
When a data sample is populated from several sources, for example signal
and background, the sPlot technique can be used to separate the different
contributions [129]. This method defines a discriminating variable, x, which
is different between signal and background; in this analysis the discriminating
variable is the K+K−K+π− mass. Crucially x must be independent of the
variables of interest, ~y, which in this analysis are the helicity angles and resonance
masses. An extended maximum likelihood fit of the discriminating variable is used
to find the number of signal and background events, NS and NB, respectively
2.
2In general the sPlot technique can be extended to include more than two populations and
used to fit more than one discriminating variable.
71
4.4. Mass fit model








where gS (gB) is the signal (background) PDF. In general VSB(x) is the covariance
matrix describing the different population yields, however in this example it
collapses to a single number. Plotting a distribution, yi, of the i events with
signal weights wS(xi) reproduces the signal distribution, free from background,
given the PDFs used for the discrimination are correct. The weight is then added










2 is a normalisation factor which includes the
effect of the weights in the determination of the uncertainties [130,131]
4.4 Mass fit model
To measure the signal yield a fit is made to the reconstructed mass of the
K+K−K+π− system, denoted M(KKKπ). The signal and background models
are discussed in this section. Alternative models are discussed as part of the
systematic uncertainty determination in Section 5.
4.4.1 Signal component
The signal contribution is modelled using the sum of Gaussian and Crystal
Ball [132] functions which share a common mean. This can be written as a
function of mass M
S(M) = (1− fCB)G(M) + fCBCB(M) , (4.7)
where S(M) is the unnormalised signal model, G(M) is a Gaussian distribution,
CB(M) is the Crystal Ball shape and fCB is the fraction of the signal represented
by the Crystal Ball function. The Gaussian and Crystal Ball functions can be
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|a| − a , (4.8)
where MB is the mean of the Gaussian and Crystal Ball functions and σG (σCB)
is the width of the Gaussian (Crystal Ball) function. The tail of the Crystal Ball
function is described by n and a, where a is taken to be positive. Table 4.2 shows
the values used for the fit parameters.
The results of a fit to this model are shown in Figure 4.4, using simulated
B0→ φK∗0 candidates. With the exception of one bin near 5250 MeV/c2, the pull
plot is small across the mass range.
4.4.2 Background components
Main contributions
The main background component comes from random combinations of tracks not
originating from a B decay, this is modelled using an exponential function.
A small contribution from B0s → φK∗0 decays is expected [126]; this is
included in the fit using the same model as the signal. The shape parameters are
shared with the signal mode while the mean is fixed to the measured B0 mean
plus the known mass difference between the B0 and B0s mesons [10].
B0s → φφ
Backgrounds where a final-state particle has been misidentified are studied. A
single kaon-pion misidentification in the decay B0s → φ(→ K+K−)φ(→ K+K−)
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Figure 4.4: Mass distribution for simulated B0→ φK∗0 candidates. A fit to
the model described in Sec. 4.4.1 is overlaid (solid red). The Crystal Ball and
Gaussian contributions are shown in dashed magenta and blue, respectively. The
pull distribution is shown below.
leads to the K+K−K+π− final state. This background peaks under the B0 mass
peak as shown in Figure 4.5; as such a good understanding of this decay is needed.
The number of B0s→ φφ events expected in data is estimated using simulation





where Data(φφ) and MC(φφ) are the number of B0s → φφ candidates seen in
data and simulation, respectively. These are Data(φφ) = 880 ± 30 [133] and
MC(φφ) = 36594±191. Using the same B0s→ φφ simulation sample and applying
the B0→ φK∗0 selection gives MC(φK∗) = 246 ± 16 candidates. This is scaled
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Figure 4.5: Simulated B0→ φK∗0 events (blue) overlayed with simulated Bs →
φφ events (red) reconstructed as B0→ φK∗0. The distributions are arbitrarily
normalised.
by ρ to give the number of events expected in data
Data(φK∗) = ρ×MC(φK∗) , (4.10)
= 6± 1 . (4.11)
This is negligible and not included in the fit. Similarly, the decay B0s → K∗0K∗0
is studied and also found to be negligible.
B0 → D−s K
+
Searches are also made for possible three-body decays in combination with a
pion or kaon. Analysis of the K+K−π− mass distribution reveals a peak near
the known mass of the D−s meson, as seen in Figure 4.6. A fit is made to the
K+K−π− mass using a Gaussian distribution to model the D−s and a second,
wider, Gaussian distribution for the background. The mean of the signal Gaussian
distribution is fixed using the known D−s mass [10] and the width is taken from a
previous LHCb measurement [134]. The fitted yield is 11± 4 D−s candidates. In
Figure 4.7, events within 21 MeV/c2 of the known D−s meson mass are selected and
overlaid onto the full K+K−K+π− mass spectrum together with events from the
background taken between |M(KKπ) − mDs−| > 21 MeV/c2 and |M(KKπ) −
75




















Figure 4.6: Mass of the K+K− from the φ meson combined with the π− from
the K∗0 meson. A fit using a Gaussian distribution for the D−s component (blue
dotted) and a second Gaussian distribution for the background (green dotted) is
superimposed.
mDs−| < 81 MeV/c2 where mDs− is the known D−s meson mass [10]. A small
number of D−s candidates are observed near the B
0 peak. However, data from
the D−s sidebands, which is formed from real K
∗0 candidates, show that the
majority of the peaking component at the B0 meson mass is from real B0→ φK∗0
candidates. As a further check, the angular analysis is repeated after applying a
veto on events within 15 MeV/c2 of the D−s mass. Negligible differences are seen
compared to the nominal result (see Sec. 5.3). Therefore, any contribution from
B0 → D−s K+ is safely ignored.
Λ0b → pπ−(K
−)φ
Another pair of decay modes which can peak in the signal region are Λ0b →
pπ−φ and Λ0b → pK−φ. The former requires that a proton is misidentified as
a kaon and the latter that pK− is misidentified as K+π−. This is studied by
generating a large sample of simulated Λ0b → pπ−φ and Λ0b → pK−φ events and
applying the B0→ φK∗0 selection. The resulting mass distribution is shown in
Figure 4.8, where the line shapes have been combined including the expected
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Figure 4.7: The K+K−K+π− mass spectrum (white) with possible D−s meson
candidates overlaid (blue). Data from the D−s sidebands (21 < |M(KKπ) −
mDs− | < 81 MeV/c2) are scaled by 1/3, which is the ratio of the D−s signal to
sideband mass windows, and are shown as red points.
Cabibbo suppression of the pπ− mode.
These decays have yet to be observed and as such no measurement of their
branching fractions exist. As the yields cannot be estimated and only an
approximation to their line shapes is made, the contribution from Λ0b → pπ−φ
and Λ0b → pK−φ is treated as a systematic uncertainty (Sec. 5.3.1).
Partially reconstructed B decays
If the K+K−K+π− mass range is extended below 5150 MeV/c2 a contribution
from partially reconstructedB decays can be observed, as seen in Figure 4.9. Most
of this contribution is removed via the selection, in particular the M(KKKπ) >
5150 MeV/c2 requirement (see Sec. 4.2), however the tail of this distribution
could extend into the signal region. To test this, the contribution from partially
reconstructed B decays is fitted over the extended mass range using an ARGUS
function [135] convolved with a Gaussian distribution.
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Figure 4.8: Sum of line shapes for the decays Λ0b → pπ−φ and Λ0b → pK−φ
where the former contains a misidentified proton and the latter contains a
misidentified proton and kaon.
]2c) [MeV/πM(KKK

















Figure 4.9: K+K−K+π− mass distribution extended to 5000 MeV/c2.
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where MAR is the mean of the ARGUS distribution. The tail of the ARGUS
function is described by p and c. The difference between this model and the
nominal fit is treated as a source of systematic uncertainty (see Sec. 5.3.1).
4.4.3 Results of mass fit
In order to determine the signal yield an unbinned maximum likelihood fit is made
to the K+K−K+π− mass distribution using the RooFit framework [136]. The
mass distribution is shown in Figure 4.10, from which a signal yield of 1655± 42
B0 candidates is observed. The full results of the fit are shown in Table 4.2.
Parameter Status Value
Nsig Free 1655± 42
Nbs Free 40± 9
Nbkg Free 157± 18
M Free 5284.2± 0.4 MeV/c2
σCB Free 15.7± 0.4 MeV/c2





λ Free (−2.0± 0.4)× 10−3
Table 4.2: Results from a fit to data of the K+K−K+π− mass, showing which
parameters are free in the fit and which are fixed from simulation. Nsig, Nbs,
Nbkg are the B
0, B0s and combinatorial background yields, respectively. M is the
B0 mean, which is slightly shifted from the known value as the LHCb momentum
measurements were not properly calibrated. The slope of the background is given
by λ.
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Figure 4.10: Mass distribution for selected K+K−K+π− candidates. A fit to
the model described in Sec 4.4 is superimposed (red). The signal contribution
is shown as the blue dotted line. The B0s → φK∗ contribution is shown as the
purple dot-dashed line and the combinatorial background is shown as the green
dotted line. The pull distribution is shown below and is small across the entire
mass range.
4.5 Treatment of non-uniform acceptance ef-
fects
The main aim of this analysis is to determine the polarisation amplitudes from the
background subtracted angular and resonance mass distributions, as discussed in
Sec. 3.2. The results of the analysis are shown in Chapter 5 but in order to make
this measurement a good understanding of the detector acceptance, as a function
of the angles and resonance masses, is needed.
Due to the detector geometry and selection criteria, the efficiency as a function
of some of the helicity angles and resonance masses is non-uniform. Quantities
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Figure 4.11: Binned projections of the detector acceptance for (a) mKπ, (b)
mKK , (c) cos θ1, (d) cos θ2 and (e) Φ. The acceptance for the TOS (filled crosses)
and not-TOS (open squares) trigger categories are shown on each plot.
relating to the pT of the decay products are used in the hardware trigger decision,
therefore the efficiency is expected to be different for events in the TIS and
TOS categories. As some events can fall into both categories, for the angular
analysis, the overlap events are placed into the TOS category and the remaining
TIS candidates are labelled ‘not-TOS’. Efficiency plots for TOS and not-TOS
categories are obtained from simulation by dividing histograms filled from the
simulation by corresponding ones filled by the theoretical PDF (Eqn. 3.16) and
are shown in Figure 4.11. The efficiency in mKK , cos θ2 and Φ is nearly flat while
in cos θ1 there is a large drop in efficiency as cos θ1 → 1. This is due to the pT
requirements in the selection which remove low pT pions. The mKπ efficiency
slowly rises across the mass range.
The efficiency is modelled in three angles and mKπ using Legendre polyno-
mials [137], where it has been assumed that the mKK efficiency is uniform (see
Figure 4.11). This parameterisation is motivated by the fact that the angular
terms of the decay rate (see Table 3.1) can easily be written in terms of spherical
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cabcdPa(mKπ)Pb(cos θ1)Ycd(cos θ2,Φ) , (4.13)
where ~Ω = (mKπ, cos θ1, cos θ2,Φ), P are Legendre polynomials, Y are spherical
harmonics and abcd are integers between zero and four. The coefficients, cabcd,
are determined from simulation by first noting that an efficiency can be written













g(~Ω)d~Ω ε(~Ω)f(~Ω) , (4.14)
where NG are the number of events generated by the PDF g(~Ω) which describes
the angular and mass distributions (Eqn. 3.16), f(~Ω) is a function upon which
the PDF depends (see Table 3.1) and NA are the number of accepted events after
some efficiency function ε(~Ω) has been applied.










Yab(θ,Φ)Ycd(θ,Φ) sin θdθdΦ = δacδbd , (4.16)
which make it easy to simplify the following equations. Substituting Eqn. 4.13











which can then be written with f(~Ω) expressed in terms of Legendre polynomials
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= cabcd . (4.19)
This produces a set of coefficients which can be used to describe the efficiency
as a function of cos θ1, cos θ2,Φ and mKπ which does not assume the efficiency
factorises between any of the angles or mKπ. The order of the polynomials is
chosen to give a good description of the acceptance, as shown in Figs. 4.12 and
4.13. A 4th order polynomial is used to model cos θ1 and 2
nd order polynomials are
used for cos θ2, Φ and mKπ. The coefficients are calculated from 45,550 simulated
events (see Sec. 4.1), i.e. NA = 45, 550. The coefficients are shown in Tables 4.3
and 4.4.
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Figure 4.12: Projections of the detector acceptance for TOS candidates for (a)
cos θ1, (b) cos θ2, (c) Φ and mKπ. The acceptance calculated using the Legendre
polynomials and spherical harmonics is overlayed. Note this is a one dimensional
projection of a three dimensional acceptance function, it is not a fit to the points.
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1θcos 
















































































Figure 4.13: Projections of the detector acceptance for not-TOS candidates
for (a) cos θ1, (b) cos θ2, (c) Φ and mKπ. The acceptance calculated using the
Legendre polynomials and spherical harmonics is overlayed. Note this is a one
dimensional projection of a three dimensional acceptance function, it is not a fit
to the points. This is demonstrated in the cos θ2 projection which seems to be
over fitting if taken as a fit to the points.
85





























































































Table 4.3: Table showing the calculated value of the coefficients for the TOS
subsample.
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Results from the analysis of
B0→ φK∗(892)0
5.1 Determination of fit parameters
The parameters measured in the angular analysis are defined in Table 5.1. In this
analysis the sPlot technique is used to subtract the background and an unbinned
maximum likelihood fit is made to the signal only likelihood shown in Eqn. 3.16.
The sPlot technique only works when the correlation between the observables and






where σx(σy) is the RMS for the distribution x(y). Using this definition, the
correlation between the angles, mKπ, mKK and M(K
+K−K+π−) is calculated
and shown in Table 5.2. As this is found to be small, the sPlot technique is valid
for this analysis.
The selection efficiency is included by multiplying the signal PDF by the
efficiency function shown in Eqn. 4.13. The method described in Section 4.5 is
used to calculate the coefficients and these are shown in Tables 4.3 and 4.4.
The data are separated into TOS and not-TOS subsamples and the fit
performed using the RapidFit framework [138]: a fitter written by the Edinburgh
Group specifically for angular analyses. The results are described in Section 5.3.
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Parameter Definition
fL 0.5(|A0|2/FP + |A0|2/FP)
f⊥ 0.5(|A⊥|2/FP + |A⊥|2/FP)
fS(Kπ) 0.5(|AKπS |2 + |A
Kπ
S |2)
fS(KK) 0.5(|AKKS |2 + |A
KK
S |2)
δ⊥ 0.5(argA⊥ + argA⊥)











ACP0 (|A0|2/FP − |A0|2/FP)/(|A0|2/FP + |A0|2/FP)
ACP⊥ (|A⊥|2/FP − |A⊥|2/FP)/(|A⊥|2/FP + |A⊥|2/FP)
AS(Kπ)CP (|AKπS |2 − |A
Kπ
S |2)/(|AKπS |2 + |A
Kπ
S |2)
AS(KK)CP (|AKKS |2 − |A
KK
S |2)/(|AKKS |2 + |A
KK
S |2)
δCP⊥ 0.5(argA⊥ − argA⊥)
δCP‖ 0.5(argA‖ − argA‖)
δS(Kπ)




CP 0.5(argAKKS − argA
KK
S )
Table 5.1: Parameters measured in the angular analysis.






Table 5.2: Correlation between M(KKKπ) and the helicity angles and
resonances masses.
5.2 Goodness of fit
A goodness of fit test known as the point-to-point dissimilarity test [139] is




The point-to-point dissimilarity test compares the fit result obtained in
Sec. 5.3 with the full data sample. The fit result is used to generate 90,000
simulation events which are used to compare to the data. The test returns a
p-value which can be interpreted as a rejection of the hypothesis S0 = S at
a confidence level 1 − P , where S0 is the theoretical PDF to which the data
distribution, S, is compared and P is the p-value. The p-value returned by the
goodness of fit for this analysis is 0.64, indicating no disagreement between the
data and fit result.
5.3 Polarisation amplitudes
The polarisation amplitudes are determined from the angular and resonance mass
distributions, as described in Sec. 5.1. The results are shown in Table 5.3 and the
projection of the fit results onto the data distributions are shown in Figure 5.1.
A goodness of fit test determines a p-value of 0.64 (see Sec. 5.2).
The results show equal longitudinal and transverse polarisations with ampli-
tude structure fL ≈ 2f⊥ ≈ 2f‖ while significant S-wave fractions are observed in
both the K+π− and K+K− systems. The strong phases for the P- and S-wave
contributions are significantly different from zero or π indicating the presence
of final-state interactions. The CP -violating parameters are consistent with
zero, supporting previous measurements. The systematic uncertainties will be
discussed in the following section.
5.3.1 Systematic uncertainties
The systematic uncertainty on the polarisation amplitudes is dominated by the
uncertainty on the efficiency function while for the phases the main contribution
comes from the S-wave mass model. Other contributions come from the B0 mass
model and the difference in kinematic variables between data and simulation.
The systematic uncertainties are summarised in Table 5.4 and are discussed in






















Table 5.3: Results of the angular analysis, where the uncertainty is statistical.
Parameter Efficiency B0 model Data/MC difference S-wave model Total
fL 0.014 0.002 0.005 0.001 0.015
f⊥ 0.013 0.001 0.002 0.001 0.013
fS(Kπ) 0.012 0.001 - 0.002 0.012
fS(KK) 0.007 0.002 - 0.003 0.008
δ‖ 0.023 0.006 0.010 0.026 0.037
δ⊥ 0.029 0.004 0.013 0.024 0.040
δS(Kπ) 0.045 0.004 0.026 0.062 0.081
δS(KK) 0.045 0.004 0.005 0.016 0.048
ACP⊥ - 0.002 0.002 0.004 0.005
ACP0 - 0.006 0.001 0.007 0.009
AS(Kπ)CP - 0.005 0.007 0.034 0.035
AS(KK)CP - 0.009 0.007 0.003 0.012
δCP‖ - 0.001 0.003 0.004 0.005
δCP⊥ - 0.002 0.005 0.014 0.015
δS(Kπ)
CP - 0.003 0.005 0.021 0.022
δS(KK)
CP - 0.002 0.002 0.003 0.004
Table 5.4: Summary of systematic uncertainties for the angular analysis results.































































































































Figure 5.1: Data distributions for the helicity angles and intermediate-
resonance masses: (a) mKπ and (b) mKK , (c) cos θ1, (d) cos θ2 and (e) Φ. The
background has been subtracted using the sPlot technique and the results of the
fit are superimposed.
Efficiency function
The efficiency function is calculated using simulated events, as described in
Sec. 4.5. The finite simulation statistics limit the precision of the coefficients
and so a systematic uncertainty is added to the final result. It was not possible









Table 5.5: Amplitudes used to generate simulated events to study the efficiency
function. The S-wave components and CP asymmetries are zero.
To evaluate this uncertainty, two million generator level events are produced
using EvtGen [76] with the amplitudes shown in Table 5.5. These events only
contain four-vector information for each particle. A simple kinematic selection
is applied to reproduce the main effect of the selection: a non-uniform loss
in efficiency in helicity angles and resonance masses. The selection requires
that the final-state particle pT is greater than 500 MeV/c and the intermediate-
resonance pT is greater than 900 MeV/c. Figure 5.2 shows the distribution of cos θ1
for simulated events before and after the aforementioned selection is applied,
demonstrating the drop in efficiency as cos θ → 1.
1θcos 















Figure 5.2: Simulated events before and after selection criteria are applied on
the final-state and intermediate-resonance pT.
After this selection is applied approximately 0.9 million candidates remain;
from these an efficiency function is calculated, as described in Sec. 4.5. This
efficiency is then included in the generation phase of a series of pseudo-
experiments.
For each experiment a sample of 45,000 events is generated, corresponding to
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approximately the size of the full simulation sample after all selections. A further
0.5 million events are also generated. The size of the large sample is chosen to
reduce the statistical uncertainty on the angular fit variables to a negligible level
compared to data.
The acceptance is calculated using the small sample and used to fit the large
sample. Therefore, the difference between the fitted result and the generated
result is due to the knowledge of the acceptance.
The difference between the fit result and the value used in the generation of
the simulation is plotted for each parameter. This is repeated 365 times and
a fit made to each distribution using a Gaussian function. The width of the
Gaussian function is taken as the systematic uncertainty on each parameter due
to the acceptance correction. The results of this study are shown in Table 5.6.
The systematic uncertainty on the CP -violating parameters is zero because it is
assumed that the acceptance does not depend on the charge of the final-state
particles. This is checked in Section 5.6 by comparing magnet up/down and











Table 5.6: Systematic uncertainty on fit parameters due to the statistical
uncertainty on the acceptance correction. The systematic uncertainty on the
CP -violating parameters is zero.
B0 mass model
The model describing the K+K−K+π− mass spectrum is used to determine the
signal and background yields for the sPlot technique (see Sec. 4.3.2). The effect of
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the K+K−K+π− mass model on the angular fit variables is probed by remaking
the per-event weights using a variety of signal and background models.
As a variation on the signal model a double Gaussian function is used. The
Gaussian functions have a shared mean and the width of the smaller, wider
Gaussian function is fixed to 28.2 MeV/c2 from simulation. The fraction of the
narrower Gaussian is 0.880, compared to 0.875 for the other fit models considered.
The projection of this fit onto the data is shown in Fig. 5.3. To study the effect
of the background model, the exponential function is replaced by a first order
polynomial with the projection of the fit shown in Fig. 5.4.
]2c) [MeV/πM(KKK


















Figure 5.3: Distribution of K+K−K+π− mass where a double Gaussian
function is used to model the B0 and B0s peaks (blue dashed and magenta dot-
dashed lines, respectively). An exponential is used to model the combinatorial
background (green dotted line) and the total of these components is shown as
the solid red line.
The effect of additional peaking backgrounds is studied by adding components
to the nominal model. The decay Λ0b → pK−φ can be misidentified as B0→ φK∗0
if the pK− pair is misidentified as K+π−. Similarly, in Λ0b → pπ−φ a p → K+
misidentification leads to the K+K−K+π− final state. As a systematic check a
component describing these is added to the fit.
The shape is fixed from simulation and the yield is allowed to vary in






















Figure 5.4: Distribution of K+K−K+π− mass where the background is
described by a first order polynomial (green dotted line). The B0 and B0s peaks
are shown in blue dashed and magenta dot-dashed lines, respectively and the
background in dotted green.
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Figure 5.5: Distribution of K+K−K+π− mass. A possible contribution from
Λ0b decays is shown as a dotted orange line. The B
0 and B0s peaks are shown in
blue dashed and magenta dot-dashed lines, respectively and the combinatorial






















Figure 5.6: Distribution of K+K−K+π− mass where partially reconstructed
B decays are included (dotted purple line). The B0 and B0s peaks are shown in
blue dashed and magenta dot-dashed lines, respectively and the combinatorial
background in dotted green.
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Figure 5.7: Distribution of K+K−K+π− mass where a possible contribution
from partially reconstructed B decays is included (dotted purple line). The
B0 and B0s peaks are shown in blue dashed and magenta dot-dashed lines,
respectively and the combinatorial background in dotted green.
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Fig 5.5. For this model the per-event weights are not remade directly from the
fit with the Λ0b components included. This is because the sPlot technique relies
on the discriminating parameter and fitted parameters being independent from
one another. In this case, when a particle misidentification occurs, there is a
correlation between the reconstructed K+K−K+π− mass and the decay angles.
To account for this correlation a number of Λ0b → pπ−φ and Λ0b → pK−φ
events are injected into the signal sample with negative weighting. Each injected
event has a weight w = −NΛb/Ngen, whereNΛb is the number of Λ0b events returned
from the fit and Ngen is the number of Λ
0
b events injected. The injected events use
a phase space model with a simplified simulation. A selection is applied which
is similar to the selection applied to data. The number of generated Λ0b events
after this selection is applied is Ngen = 3288. A fit to determine the per-event
weights is then done to the dataset which contains both the real data and the Λ0b
simulation.
A contribution from partially reconstructed B decays is observed below the
signal peak (see Sec. 4.4.2). To see if this affects the results a fit is made to the
(5000-5500) MeV/c2 mass range. An ARGUS function (see Sec. 4.4.2) convolved
with a Gaussian function is used to model the partially reconstructed background,
as seen in Figure 5.6. The parameters of this fit are then fixed and the per-event
weights are remade using the nominal mass range with the ARGUS included, a
fit using this model is shown in Figure 5.7. The results of the alternative fits can
be seen in Table 5.7.
Parameter Nominal Argus Double Polynominal Λ0b
Gaussian background background
M(MeV/c2) 5284.2±0.4 5284.2±0.4 5286.2±0.4 5284.2±0.4 5284.2±0.4
σ(MeV/c2) 15.7±0.4 15.7±0.4 15.6±0.4 15.6±0.4 15.6±0.4
NBd 1655±42 1657±42 1648±42 1650±42 1654±42
NBs 40±9 41±9 38±8 38±9 35±9
Nargus - 4±4 - - -
NΛb - - - - 77±25
Table 5.7: Fit parameters determined using a variety of signal and background
models. The measured mean of the B0 is denoted by M and σ is the width of
the Crystal Ball function or Gaussian function, depending on the model used.
The yields for the B0, B0s , Λ
0
b and low mass background components of the fit
are given by NBd, NBs, NΛb and Nargus, respectively.
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The angular fit is then repeated using the per-event weights calculated using
the different signal and background models. Table 5.8 shows the difference
between the tested models and the nominal model where the largest variation
for each parameter is chosen as an estimate of the systematic uncertainty.
Parameter Double Polynomial ARGUS Λ0b
Gaussian background background
fL 0.001 0.0 0.002 0.0
f⊥ 0.0 0.0 0.001 0.001
fS(Kπ) 0.001 0.0 0.0 0.001
fS(KK) 0.001 0.0 0.0 0.002
δ‖ 0.001 0.001 0.001 0.004
δ⊥ 0.003 0.001 0.002 0.006
δS(Kπ) 0.0 0.0 0.002 0.004
δS(KK) 0.001 0.0 0.001 0.004
ACP⊥ 0.001 0.003 0.006 0.001
ACP0 0.001 0.0 0.002 0.001
AS(Kπ)CP 0.0 0.0 0.001 0.005
AS(KK)CP 0.0 0.005 0.009 0.003
δCP‖ 0.0 0.0 0.0 0.002
δCP⊥ 0.001 0.001 0.0 0.0
δS(Kπ)
CP 0.003 0.001 0.003 0.002
δS(KK)
CP 0.002 0.001 0.002 0.001
Table 5.8: Difference between the nominal result and results using various signal
and background models for a fit to the K+K−K+π− mass.
Difference in kinematic variables
Figure 5.8 shows a comparison of pion pT for data and simulation, where the
background has been subtracted using the sPlot technique. Further distributions
are shown in Appendix C.1. As small discrepancies are observed in most variables,
their effect on the final result is studied.
The simulated B0 → φK∗0 events are generated with a different set of
polarisation amplitudes than those observed in data i.e. the data has S-wave
components which are not present in the simulation. This will produce different
distributions for the kinematic variables.





































Figure 5.8: Comparison of the pion transverse momentum distribution between
data (red points) and simulation (solid yellow). The simulation is normalised to
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sin θ1 cos θ1 sin θ2 sin Φ -0.02833 0.003017
14 2√
3
cos θ21 cos θ2 0.0007746 -0.03411
15 2
3
cos θ1 cos θ2 0.003278 0.02569
Table 5.9: Angular terms (fi) and their integrations over the data distributions
for TOS (ξTOSi ) and not-TOS data sets (ξ
not-TOS
i ). The integrals are normalised
such that (ξ1 + ξ2 + ξ3 + ξ7 + ξ11)/5 = 1.
the polarisation amplitudes. It is assumed that the detector acceptance calculated
from simulation matches that in data; this is tested in the following study.
In order to improve the agreement between data and simulation an iterative
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data-driven reweighting procedure is applied [140]. This iteratively reweights the
simulated helicity angles, B0 pT and final-state particle pT in the simulation and
calculates a new efficiency function each time until the method converges. For
computational reasons the simulation is reweighted using the mass-independent
PDF shown in Eqn. 3.13. It is assumed that the effect of the mKπ acceptance is
small, hence the effect of reweighting in this variable is negligible.
The efficiency function makes use of the acceptance weights method [141] to
further reduce computation time. This method includes the effect of the detector
acceptance into the fit by renormalising the theoretical PDF with the integrals





where g(~Ω) is the theoretical PDF shown in Eqn. 3.16, hi are the amplitude
terms shown in Table 3.1 and ξi are the integrals of the angular terms, shown
in Table 5.9, which are calculated from the data distributions. The integrals are
normalised such that the average of the diagonal terms is one. Therefore, for a
perfect acceptance the integral of each diagonal term is one and the integration
of each interference term is zero.
The iterative reweighting is applied as follows:
1. Fit to data using Eqn. 3.13 and the acceptance weights calculated from the
nominal simulation.
2. Reweight the simulation to have the same B0 pT as the data.
3. Reweight the simulation in the helicity angles, using the results of the
previous fit.
4. Reweight the simulation to have the same final-state particle pT as data.
5. Use this weighted simulation to recalculate the acceptance weights, with
the results of the previous fit as input.
6. Use these new acceptance weights to refit the data.































































































Figure 5.9: Ratio of K+K− momenta between data and simulation (left) and
K+π− momenta (right) for the not-TOS (top) and TOS sample (bottom). The
values indicate the bin content.
For step 4 the momenta are reweighted using two 2D histograms, one
containing the kaons from the φ meson and the other containing the K+π− from
the K∗0 meson. These histograms are binned very coarsely, as shown in Fig. 5.9.
This is due to limited simulation and data sample size and the relatively small
phase space of these decays. The bin width is chosen so that roughly equal
numbers of candidates fall into each bin. The TOS and not-TOS datasets have
different kinematic distributions, therefore the reweighting is done separately for
TOS and not-TOS candidates. Figure 5.10 shows the result of the reweighting
on the pion pT spectrum cf. Figure 5.8 without reweighting. Table 5.11 shows
the fit results of a mass-independent fit for each iteration and Table 5.10 shows































































































































































































































































































































































































































































































































































































































































































































































Figure 5.10: Comparison of the pion transverse momentum distribution
between data (red points) and simulation (solid yellow) after the reweighting
procedure. The simulation is normalised to the number of candidates seen in
data.
The difference between a full mass-dependent fit using the nominal acceptance
weights and a fit using the weights calculated from the final iteration is taken as
an estimate of the systematic uncertainty and is shown in Table 5.12.
Parameter Nominal B0 pT It. 1 It. 2 It. 3 It. 4
fL 0.526 0.525 0.524 0.523 0.523 0.523
f⊥ 0.227 0.226 0.227 0.226 0.226 0.226
fS(Kπ) 0.073 0.073 0.073 0.073 0.073 0.073
fS(KK) 0.027 0.027 0.027 0.027 0.027 0.027
δ‖ 2.615 2.615 2.602 2.596 2.593 2.592
δ⊥ 2.681 2.681 2.669 2.664 2.662 2.660
δS(Kπ) 1.895 1.900 1.864 1.849 1.842 1.839
δS(KK) 2.083 2.082 2.092 2.091 2.091 2.091
Table 5.11: Fit results of a mass-independent fit using the weights calculated
at each iteration (see Tab. 5.10). The fit is judged to have converged after the
fourth iteration.
S-wave line shape
To probe the effect of the S-wave line shape on the fit results the fit is
repeated using several alternative models. The K+π− contribution uses the LASS
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Table 5.12: Systematic uncertainties due to the difference in kinematic
distributions between data and simulation.
parameterisation in the default fit. As alternatives both a relativistic spin-0 Breit-
Wigner with mean and width of the K∗0(1430) meson [10] and a pure phase space





where q is defined in Eqn. 3.19.
The nominal fit parameterises the K+K− S-wave component as a Flatté
distribution; as an alternative a phase space model is considered. The difference
between each of the these models and the default fit is shown in Table 5.13 with




Parameter BW(1430) Phase space K+π− Phase space K+K−
fL 0.0004 0.0001 0.0009
f⊥ 0.0006 0.0008 0.0001
fS(Kπ) 0.0004 0.0015 0.0004
fS(KK) 0.0002 0.0010 0.0030
δ‖ 0.0139 0.0242 0.0059
δ⊥ 0.0026 0.0257 0.0054
δS(Kπ) 0.0168 0.0624 0.0054
δS(KK) 0.0057 0.0158 0.0126
ACP⊥ 0.0067 0.0035 0.0011
ACP0 0.0026 0.0037 0.0007
AS(Kπ)CP 0.0343 0.0036 0.0057
AS(KK)CP 0.0030 0.0017 0.0010
δCP‖ 0.0011 0.0135 0.0007
δCP⊥ 0.0035 0.0028 0.0003
δS(Kπ)
CP 0.0098 0.0205 0.0026
δS(KK)
CP 0.0016 0.0033 0.0021
Table 5.13: Difference from nominal fit when using alternative S-wave line
shapes.
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5.4 Triple product asymmetries


























Im(A⊥AKK∗S ) ∫ mHKKmLKK M1(KK)M0(KK)dmKK
FP + FS
 . (5.7)
The results of the angular analysis are used to determine the true and fake triple
products, as described in Sec. 3.3. These are shown in Table 5.14. All true
TPAs are consistent with zero while all but one of the fake TPAs are significantly




T (true) -0.007 ± 0.012
A
(2)
T (true) +0.004 ± 0.014
A
(3)
T (true) +0.004 ± 0.006
A
(4)
T (true) +0.002 ± 0.006
A
(1)
T (fake) -0.105 ± 0.012
A
(2)
T (fake) -0.017 ± 0.014
A
(3)
T (fake) -0.063 ± 0.006
A
(4)
T (fake) -0.019 ± 0.006
Table 5.14: Triple product asymmetries where the uncertainty is statistical
only. Calculated from the fit results shown in Tab. 5.3.
5.4.1 Systematic uncertainties
For each study described in Sec. 5.3.1 the TPAs are recalculated. The effect of
the mass model on the TPAs is shown in Table 5.15, results of the kinematic
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reweighting in Table 5.16 and the result of using different S-wave line shapes is
shown in Table 5.17. The uncertainty due to the efficiency function is zero because
the simulation assumes that the acceptance does not depend on the charge of the
final-state particles. The systematic uncertainties are summarised in Table 5.18.




T (true) 0.0 0.0005 0.0004 0.0001
A
(2)
T (true) 0.0002 0.0003 0.0 0.0005
A
(3)
T (true) 0.0002 0.0 0.0 0.0004
A
(4)
T (true) 0.0003 0.0 0.0002 0.0001
A
(1)
T (fake) 0.0002 0.0003 0.0004 0.0017
A
(2)
T (fake) 0.0001 0.0001 0.0008 0.0004
A
(3)
T (fake) 0.0003 0.0 0.0006 0.0
A
(4)
T (fake) 0.0004 0.0 0.0002 0.0002
Table 5.15: Difference between the nominal TPAs and those calculated using
various signal and background models for a fit to the K+K−K+π− mass.

























Table 5.16: Systematic uncertainties due to the difference in kinematic
distributions in data and simulation.
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Parameter BW(1430) Phase space K+π− Phase space K+K−
A
(1)
T (true) 0.0019 0.0002 0.0002
A
(2)
T (true) 0.0006 0.0024 0.0001
A
(3)
T (true) 0.0000 0.0001 0.0006
A
(4)
T (true) 0.0001 0.0008 0.0000
A
(1)
T (fake) 0.0003 0.0052 0.0014
A
(2)
T (fake) 0.0027 0.0004 0.0002
A
(3)
T (fake) 0.0002 0.0009 0.0051
A
(4)
T (fake) 0.0028 0.0067 0.0002
Table 5.17: Differences between nominal fit and fits using alternative S-wave
models.
Parameter B0 model Data/MC difference S-wave model Total
A
(1)
T (true) 0.0005 0.0005 0.002 0.002
A
(2)
T (true) 0.0006 0.0005 0.002 0.002
A
(3)
T (true) 0.0002 0.0003 0.001 0.001
A
(4)
T (true) 0.0002 0.0003 0.001 0.001
A
(1)
T (fake) 0.0019 0.0017 0.005 0.006
A
(2)
T (fake) 0.0008 0.0008 0.003 0.003
A
(3)
T (fake) 0.0015 0.0006 0.005 0.005
A
(4)
T (fake) 0.0003 0.0004 0.007 0.007
Table 5.18: Summary of systematic uncertainties for the triple product
asymmetries. The total is the quadratic sum of the individual contributions.
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5.5 Direct CP asymmetry
5.5.1 Determination of direct CP asymmetry
The direct CP asymmetry is the difference in decay amplitudes between B0
and B0, as discussed in Sec. 1.5.1. As the flavour of the B meson can be
determined from the charge of the final-state pion, the direct CP asymmetry
can be determined by studying the number of B0 and B0 candidates at decay.





where N(B0) and N(B0) are the number of B0 and B0 candidates, respectively,
determined from fits to M(KKKπ) after B0 and B0 decays have been separated.
A correction must be applied to this asymmetry because of the contamination
from KK and Kπ S-wave contributions
A =
N(B0)× (1− F S)−N(B0)× (1− FS)
N(B0)× (1− F S) +N(B0)× (1− FS)
. (5.9)
The measured asymmetry A is related to the true asymmetry by
ACP = A− δ with δ = AD + κdAP , (5.10)
where AP is the asymmetry due to the different rate of B
0 and B0 production at
the LHC, κd is the dilution to this factor due to neutral B oscillations and AD is
the detection asymmetry between K+π−and K−π+ final states.
The control channel B0 → J/ψK∗0 is used to determine the difference in
asymmetries
∆ACP = ACP (φK
∗0)− ACP (J/ψK∗0) , (5.11)
because the production and detector asymmetries cancel out in the difference. If
ACP is zero in the tree-level B
0→ J/ψK∗0 decay then ∆ACP is the direct CP
asymmetry in B0→ φK∗0.
The decay B0→ J/ψK∗0 is chosen as the control channel because of its high
yield and similar decay topology. The sample of B0→ J/ψK∗0 decays, where the
110
5.5. Direct CP asymmetry
J/ψ decays to two oppositely charged muons, is selected in a similar manner to
the B0→ φK∗0 decay. However, where the trigger decision is influenced by the
muons from the J/ψ decay, the candidate is rejected.
The µ+µ−K+π− mass distribution is fit using the same model as the B0→
φK∗0 decay, the partially reconstructed B decays are modelled using an ARGUS
distribution and the Λ0b → J/ψpπ− contribution modelled using a shape obtained
from simulation. The mass distribution with fit results overlayed are shown in
Figure 5.11. A total of 15205± 130 B0→ J/ψK∗0 candidates are observed.
]2c) [MeV/



















-1=7 TeV, L = 1fbs
LHCb Preliminary
Figure 5.11: Mass distribution for selected µ+µ−K+π− candidates. The B0→
J/ψK∗0 contribution is shown in dotted blue and the B0s→ J/ψK∗0 as the purple
dot-dashed line. The combinatorial background is shown as the dotted green line
and the contribution from Λ0b decays is shown in dotted orange. The total of all
contributions is shown in solid red.
5.5.2 Direct CP results
The direct CP asymmetry is measured as described in Section 5.5.1, with separate
measurements made for the TIS and TOS samples. Candidates which are
accepted by both trigger decisions are included in both categories and any bias
due to this is treated as a source of systematic uncertainty. The results from both
trigger categories are combined in the final result.
111
5.5. Direct CP asymmetry
The results of the angular analysis (Sec. 5.3) are used to correct for the Kπ
and KK S-wave fractions, the raw asymmetries are then determined to be
ATOSφK∗ = +0.014± 0.043 and ATISφK∗ = −0.002± 0.040 , (5.12)
which is related to the true asymmetry by Eqn. 5.10. To cancel the detector and
production asymmetry, the difference in asymmetries between the B0 → φK∗0
and B0→ J/ψK∗0 modes is taken, where the raw asymmetries for the latter are
measured to be
ATOSJ/ψK∗ = −0.003± 0.016 and ATISJ/ψK∗ = −0.016± 0.008 , (5.13)
where the Kπ S-wave in B0→ J/ψK∗0 has not been considered.
The raw asymmetries are combined into a single measurement by taking
a weighted average, where each measurement is weighted by its statistical
uncertainty. To correct the uncertainty for double counting, the TIS sample
is weighted by the error of the not-TOS sample
Anot-TOSφK∗ = 0.000± 0.045 , (5.14)





where σ(ATOS) and σ(Anot-TOS) are the statistical uncertainties of the TOS and





Using the raw asymmetries from B0→ φK∗0 and B0→ J/ψK∗0, the difference
in CP asymmetries can be calculated as shown in Eqn. 5.11 to be
∆ACP = (+1.5± 3.2)% , (5.17)
where the uncertainty is statistical only. The systematic uncertainty determina-
tion is discussed in the next section.
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5.5.3 Systematic uncertainties
The systematic uncertainties on the direct CP asymmetry are related to the
trigger and the kinematic differences between daughter particles in each mode.
The systematic uncertainties are summarised in Table 5.19 and described in detail






B0 mass model 0.30
Total 0.547
Table 5.19: Summary of systematic uncertainties on the direct CP asymmetry.
The total is the quadratic sum of the individual uncertainties.
Difference in kinematic variables
Differences in the kinematic distributions are observed between the signal and
control channels, this is due to the difference between the J/ψ and φ meson
masses. These effects are investigated as a source of systematic uncertainty.
The B0, kaon and pion pT spectrums for the signal and control channel are
compared in Fig. 5.12, where the kaon is the decay product of the K∗0. The
separate TOS and not-TOS momentum distributions are studied in Appendix C.2
and although small discrepancies are found this is assumed to be negligible
compared to the overall difference. As the φ meson decays into two charged
kaons, it cannot introduce a detection asymmetry and is not examined in this
study. Similarly, as the J/ψ is not used in the trigger decision, it cannot introduce
a detection asymmetry.
It can be seen from Fig. 5.12 that the pion pT distributions are similar, however
this is not the case for the B0 and K+ spectra. To see if this difference affects
the fit results, the B0→ J/ψK∗0 sample is reweighted to have the same B0 pT
distribution as B0→ φK∗0 and the direct CP measurement is repeated.
The difference between this result and the nominal result is taken as a
systematic uncertainty. The process is then repeated for the K+ pT. Using
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this method the systematic uncertainties are calculated to be 0.29% and 0.25%




























































































































Figure 5.12: Top: B0 pT distribution from B
0→ φK∗0 (filled dots) and B0→
J/ψK∗0 (filled histogram) data with the ratio of these shown on the right. Middle:
Kaon from K∗0 pT distribution. Bottom: Pion pT distribution.
Trigger lines
The candidates in the TIS trigger category are recorded based on information
which does not come from the signal decay and can be separated into two main
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Source B0→ φK∗0 B0→ J/ψK∗0
Muon chamber (35.8± 1.5)% (35.7± 0.4)%
HCAL (48.9± 1.6)% (52.3± 0.4)%
Table 5.20: Relative fraction of TIS trigger category events stored based on
information from the HCAL and muon stations.
categories. Those recorded based on information from the HCAL and those stored
based on information from the muon chambers. The ECAL is not used in the
TOS trigger decision for this analysis. The fraction of each category is shown in
Table 5.20 for the signal and control channel. As the fractions are equal for the
signal and control channel, any asymmetry induced by the trigger cancels in the
difference.
Since the TIS and TOS trigger categories are not statistically independent,
a study is performed to see if this biases the direct CP measurement. The
measurement is repeated after removing the double counted events from the
TIS category. The difference between this and the nominal result is taken as
a systematic uncertainty which is found to be 0.10%.
As discussed in Sec. 5.5.1, the TOS candidates in B0→ J/ψK∗0 do not use
the muons in the trigger decision. Therefore, all TOS candidates in this channel
were recorded based on information from the K+ or π− from the K∗0 decay.
In the B0→ φK∗0 decay however, the TOS candidates can be recorded based
on information from the K+K− or K+π− pair. This leads to 67.1% of B0 →
J/ψK∗0 decays being recorded based on information from the kaon from the K∗0
decay, while for B0→ φK∗0 it is 43.2%. A possible detection asymmetry maybe
be introduced by this which will not cancel when the difference in asymmetries
between the two modes is taken.
The detection asymmetry between K+ and K− and π+ and π− is shown in
Fig. 5.13. These efficiencies are calculated using well identified kaons and pions
from D∗+ → D0(K−π+)π+ decays.
Although the detection asymmetry is negligible in pions above 500 MeV/c
(see selection in Sec 4.2), there is a small asymmetry for low momentum kaons.
To evaluate any associated systematic uncertainty, the signal and background
samples are corrected using the efficiency shown in Fig. 5.13. The ∆ACP
measurement is repeated with the corrected sample and the difference from the
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Figure 5.13: Top: Detection asymmetry ratio between K+ and K− mesons
in the inner (left) and outer (right) regions of the HCAL as a function of
pT. Bottom: Detection asymmetry ratio between π
+ and π− mesons in the
inner (left) and outer (right) regions of the HCAL as a function of pT.
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B0 mass model
The B0 mass model is used to determine the yields for the ACP calculations.
To estimate the systematic uncertainty due to the mass model, the signal and
background models are varied as described in Sec. 5.3.1. Using a double Gaussian
signal model or including the low mass background in the fit has no effect on the
ACP calculation. The linear background model and Λ
0
b contributions introduce a
systematic uncertainty of 0.2% and 0.3%, respectively. The larger of the two is
chosen as an estimate of the systematic uncertainty due to the B0 mass model.
The systematic uncertainties are summarised in Table 5.19.
5.6 Validation of fit results
5.6.1 Comparison of TOS and not-TOS ratios
In Section 4.5 the detector acceptance correction is discussed and Section 4.2.1
discusses the TIS, TOS and not-TOS trigger categories. As separate efficiency
functions are calculated for TOS and not-TOS candidates, the efficiency is
independent of the relative TOS and not-TOS fractions in data and simulation.
However, the fraction of events which are both TOS and TIS is important because






where N(TOS&&TIS) is the number of events which are both TOS and TIS and
N(TOS) is the number of events which are TOS. This ratio is shown for data and
simulation in Table 5.21 together with the overall TOS and TIS fractions, where
the signal has been separated using the sPlot technique (see Sec. 4.3.2). As the
ratio in Equation 5.18 is the same for data and simulation no further action is
taken.
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TOS (%) TIS (%) z
Data 45.1± 3.0 54.9± 3.0 31.3± 1.2
Simulation 53.4± 0.6 46.6± 0.6 30.0± 0.2
Table 5.21: TOS and TIS fractions in data and simulation. The ratio z is
defined in Equation 5.18.
5.6.2 Fit putting overlap events into the not-TOS cate-
gory
In this analysis, events which are accepted by the TOS and TIS trigger categories
are placed into the TOS data sample. An additional check is performed by moving
these events into the other category and recalculating the detector acceptance,
giving the results shown in Table 5.22. As this result is very similar to the main
result, no systematic uncertainty is assigned.
Parameter Result
fL 0.497 ± 0.019
f⊥ 0.222 ± 0.016
fS(Kπ) 0.143 ± 0.013
fS(KK) 0.121 ± 0.013
δ‖ 2.565 ± 0.070
δ⊥ 2.632 ± 0.063
δS(Kπ) 2.224 ± 0.062
δS(KK) 2.479 ± 0.072
ACP0 -0.001 ± 0.038
ACP⊥ 0.045 ± 0.073
AS(Kπ)CP 0.063 ± 0.088
AS(KK)CP -0.213 ± 0.105
δCP⊥ 0.060 ± 0.062
δCP‖ 0.041 ± 0.069
δS(Kπ)
CP 0.062 ± 0.062
δS(KK)
CP 0.025 ± 0.071
Table 5.22: Result of a fit performed using a new efficiency and moving events
which fall into both the TOS and TIS categories into the TIS category. The
uncertainty is statistical only.
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5.6.3 Fitting data in subsamples
This section fits the data in subsamples. A TOS/not-TOS comparison is a good
test of the calculated detector acceptance while fitting data taken with opposite
magnet polarity probes differences between the K+π− and K−π+ final states.
The TOS/not-TOS fit results are compared in Table 5.23 and the results from
each magnet polarity are compared in Table 5.24. In general the agreement is
good; some tension is seen, for instance in f⊥ but this is covered by the systematic
uncertainty.
Parameter TOS not-TOS
fL 0.509 ± 0.025 0.487 ± 0.029
f⊥ 0.209 ± 0.022 0.239 ± 0.025
fS(Kπ) 0.133 ± 0.016 0.145 ± 0.018
fS(KK) 0.100 ± 0.016 0.143 ± 0.020
δ‖ 2.447 ± 0.080 2.660 ± 0.089
δ⊥ 2.460 ± 0.079 2.807 ± 0.088
δS(Kπ) 2.215 ± 0.080 2.248 ± 0.095
δS(KK) 2.276 ± 0.101 2.683 ± 0.100
ACP⊥ 0.022 ± 0.100 0.145 ± 0.095
ACP0 -0.035 ± 0.048 0.021 ± 0.058
AS(Kπ)CP 0.110 ± 0.111 0.032 ± 0.115
AS(KK)CP -0.318 ± 0.146 -0.073 ± 0.137
δCP‖ 0.130 ± 0.078 -0.102 ± 0.088
δCP⊥ 0.086 ± 0.077 -0.005 ± 0.087
δS(Kπ)
CP 0.214 ± 0.074 -0.158 ± 0.092
δS(KK)
CP 0.047 ± 0.099 -0.058 ± 0.098
Table 5.23: Results of a fit to TOS data (left) and not-TOS data (right). The
uncertainty is statistical only.
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Parameter Magnet up Magnet down
fL 0.478 ± 0.026 0.514 ± 0.031
f⊥ 0.259 ± 0.023 0.168 ± 0.025
fS(Kπ) 0.173 ± 0.018 0.117 ± 0.017
fS(KK) 0.117 ± 0.016 0.127 ± 0.023
δ‖ 2.667 ± 0.087 2.459 ± 0.086
δ⊥ 2.692 ± 0.081 2.579 ± 0.093
δS(Kπ) 2.249 ± 0.080 2.260 ± 0.106
δS(KK) 2.464 ± 0.098 2.503 ± 0.103
ACP⊥ 0.052 ± 0.085 0.134 ± 0.295
ACP0 -0.039 ± 0.053 0.018 ± 0.059
AS(Kπ)CP 0.138 ± 0.094 -0.008 ± 0.132
AS(KK)CP -0.194 ± 0.136 -0.185 ± 0.167
δCP‖ -0.054 ± 0.085 0.104 ± 0.084
δCP⊥ -0.002 ± 0.080 0.092 ± 0.090
δS(Kπ)
CP -0.029 ± 0.079 0.123 ± 0.101
δS(KK)
CP -0.082 ± 0.095 0.077 ± 0.099
Table 5.24: Results of a fit to magnet up data (left) and magnet down
data (right). The uncertainty is statistical only.
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5.7 Discussion of results
Using 1 fb−1 collected by the LHCb detector in 2011, results are presented for the
polarisation amplitudes, triple product asymmetries and direct CP asymmetry
in the B0→ φK∗0 decay mode. The results for the polarisation amplitudes are
shown in Table 5.25 and confirm equal amounts of longitudinal and transverse
polarisation. Significant S-wave fractions are observed below the φ and K∗0
resonances while all CP asymmetries are consistent with zero.
Parameter Fitted value
fL 0.497± 0.019± 0.015
f⊥ 0.221± 0.016± 0.013
fS(Kπ) 0.143± 0.013± 0.012
fS(KK) 0.122± 0.013± 0.008
δ⊥ 2.633± 0.062± 0.037
δ‖ 2.562± 0.069± 0.040
δS(Kπ) 2.222± 0.063± 0.081
δS(KK) 2.481± 0.072± 0.048
ACP0 −0.003± 0.038± 0.005
ACP⊥ +0.047± 0.074± 0.009
AS(Kπ)CP +0.073± 0.091± 0.035
AS(KK)CP −0.209± 0.105± 0.012
δCP⊥ +0.062± 0.062± 0.005
δCP‖ +0.045± 0.069± 0.015
δS(Kπ)
CP +0.062± 0.062± 0.022
δS(KK)
CP +0.022± 0.072± 0.004
Table 5.25: Results of the angular analysis, where the uncertainties are
statistical and systematic, respectively.
The triple product asymmetries are determined from the results of the angular
fit and are shown in Table 5.26. All true asymmetries are consistent with zero,
showing no evidence of physics beyond the Standard Model. Conversely, all but
one of the fake TPAs show significant deviations from zero indicating the presence
of final-state interactions.
Additionally, the difference in direct CP asymmetries between B0 → φK∗0
and B0→ J/ψK∗0 is measured to be
∆ACP = (+1.5± 3.2± 0.5)% , (5.19)
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T (true) − 0.007± 0.012± 0.002
A
(2)
T (true) + 0.004± 0.014± 0.002
A
(3)
T (true) + 0.004± 0.006± 0.001
A
(4)
T (true) + 0.002± 0.006± 0.001
A
(1)
T (fake) − 0.105± 0.012± 0.006
A
(2)
T (fake) − 0.017± 0.014± 0.003
A
(3)
T (fake) − 0.063± 0.006± 0.005
A
(4)
T (fake) − 0.019± 0.006± 0.007
Table 5.26: Triple product asymmetries, where the uncertainties are statistical
and systematic, respectively.
where the uncertainties are statistical and systematic, respectively. This is
consistent with the Standard Model expectation of approximately zero CP
violation.
In the following chapter these results are compared with previous measure-
ments. Also a study is described which estimates the sensitivity LHCb will be
able to achieve for these measurements using 3 fb−1 of integrated luminosity,




Future prospects and conclusion
6.1 Comparison with previous measurements
Prior to the study presented here, measurements of the polarisation amplitudes
have been published by the BaBar [83] and Belle [86] collaborations. A
comparison of the main results is shown in Table 6.1.
Parameter LHCb BaBar Belle
fL 0.497± 0.019± 0.015 0.494± 0.034± 0.013 0.499± 0.030± 0.018
f⊥ 0.221± 0.016± 0.013 0.212± 0.032± 0.013 0.238± 0.026± 0.008
δ⊥ 2.633± 0.062± 0.037 2.35 ± 0.13 ± 0.09 2.37 ± 0.10 ± 0.04
δ‖ 2.562± 0.069± 0.040 2.40 ± 0.13 ± 0.08 2.23 ± 0.10 ± 0.02
ACP0 −0.003± 0.038± 0.005 +0.01 ± 0.07 ± 0.02 −0.030± 0.061± 0.007
ACP⊥ +0.047± 0.072± 0.009 −0.04 ± 0.15 ± 0.06 −0.14 ± 0.11 ± 0.01
δCP⊥ +0.062± 0.062± 0.006 +0.21 ± 0.13 ± 0.08 +0.05 ± 0.10 ± 0.02
δCP‖ +0.045± 0.068± 0.015 +0.22 ± 0.12 ± 0.08 −0.02 ± 0.10 ± 0.01
Table 6.1: Comparison of measurements made by the LHCb [120], BaBar [83]
and Belle [86] collaborations. The first uncertainty is statistical and the second
systematic.
The P-wave polarisation amplitudes and CP -violating parameters show good
agreement between experiments, while a small difference is observed in the P-
wave phases; this is discussed later. The S-wave results are not compared since
each experiment considers this contribution differently. The BaBar measurement
fully models the K+π− S-wave but subtracts the K+K− S-wave using a fit to
mKK . They include a systematic uncertainty associated with the subtraction.
In contrast, the measurement from Belle includes both the K+π− and K+K−
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Parameter No K+K− S-wave No K+K− S-wave interference No S-wave
fL 0.536± 0.017 0.510± 0.020 0.559± 0.015
f⊥ 0.204± 0.015 0.213± 0.017 0.186± 0.014
δ⊥ 2.629± 0.058 2.634± 0.072 2.638± 0.053
δ‖ 2.525± 0.057 2.591± 0.076 2.494± 0.056
ACP0 +0.004± 0.032 −0.002± 0.038 +0.007± 0.027
ACP⊥ +0.036± 0.071 +0.042± 0.080 +0.010± 0.070
δCP⊥ +0.023± 0.057 +0.021± 0.071 +0.068± 0.052
δCP‖ −0.028± 0.057 −0.042± 0.075 +0.047± 0.055
Table 6.2: Comparison of measurements made by the LHCb when the K+K−
S-wave is not considered, when the K+K− S-wave interference is not considered
and when neither S-wave is considered. The uncertainty is statistical only.
S-wave contributions but does not allow interference between the K+K− S- and
P-wave components in their nominal result. They include the interference terms
as a systematic check. Thus, this measurement is the first to include both the
K+π− and K+K− S-waves and their interference.
For comparison this analysis is repeated with similar constraints on the S-
wave as the previous experiments with the results shown in Table 6.2. Including
both S-waves in the fit affects the P-wave phases which might explain the small
differences observed between experiments.
The Belle measurement is based on approximately 1100 signal candidates
while both the BaBar and LHCb measurements are based on approximately
1700 signal candidates. However, the K+π− mass range used varies with each
analysis, thus affecting the fraction of P-wave candidates in the signal region.
The BaBar and Belle measurements consider K+π− masses up to 1.55 GeV/c2
which allows them to include not only the P- and S-wave contributions but
also B0 → φK∗2(1430) which is D-wave (spin-2). The LHCb measurement only
considers masses up to approximately 1 GeV/c2 meaning the D-wave component,
which is very narrow, can be safely ignored. This results in LHCb having
the largest sample of B0 → φK∗(892)0 candidates, allowing the most precise
measurements of the P-wave parameters as shown in Table 6.1.
These results disagree with the naive prediction and the results from Yang et
al. [93] which predict a dominant longitudinal polarisation. The approach taken
by Beneke et al. [50] and Cheng et al. [95] in the QCD factorisation framework
predicts a longitudinal polarisation fraction which is in good agreement with that
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seen in data, however these predictions suffer from large uncertainties. Finally, the
prediction by Chua et al. [98], which includes rescattering from charm resonances,
produces a longitudinal polarisation which is in good agreement with the data but
a perpendicular fraction which is too low. Finally, the predictions from Nandi et
al. [142] use polarisations and branching fractions from Ref [143] as input and are
in agreement with these new results.
LHCb BaBar Belle
Direct CP (+1.5± 3.2± 0.5)% (+1± 6± 3)% (−0.7± 4.8± 2.1)%
Table 6.3: Comparison of direct CP measurements by the LHCb [120],
BaBar [83] and Belle [86] collaborations. The first uncertainty is statistical and
the second systematic.
The measurement of the direct CP asymmetry is compared in Table 6.3 and
the TPAs are compared in Table 6.4, where the latter uses older results from the
Belle and BaBar collaborations because the most recent results do not include
these calculations [82, 85]. For all experiments the direct CP and true triple
product asymmetries are consistent with zero. BaBar did not measure the fake
TPAs but Belle report hints of a non-zero fake TPA, although not the same one
as LHCb. This could be due to the fact that Belle do not include all of the S-
wave interference terms thus biasing the triple products (which are proportional





T (true) −0.007± 0.012± 0.002 −0.02± 0.04± 0.01 +0.01± 0.10± 0.02
A
(2)
T (true) +0.004± 0.014± 0.002 +0.11± 0.05± 0.01 +0.16+0.16−0.14 ± 0.03
A
(1)
T (fake) −0.105± 0.012± 0.006 - −0.06± 0.10± 0.01
A
(2)
T (fake) −0.017± 0.014± 0.003 - −0.41+0.16−0.14 ± 0.04
Table 6.4: Comparison of the triple product asymmetries measured by the
LHCb [120], BaBar [82] and Belle [85] collaborations. The first uncertainty is




6.2.1 Preliminary mass fit using 3 fb−1
A preliminary analysis has been carried out using the combined 2011+2012
dataset collected by LHCb. This dataset combines 2 fb−1 collected in 2012 at a
centre-of-mass energy of
√
s = 8 TeV with 1 fb−1 collected in 2011 at
√
s = 7 TeV.
The 2011 and 2012 samples are combined and have the same selection applied
as that discussed in Sec. 4.2. The GL is retrained using a background sample
taken from the combination of 2011 and 2012 data samples and the signal sample
is taken from the same simulation sample used to train the GL in the 1 fb−1


















Figure 6.1: Visible cross section of bb at LHCb as a function of centre-of-mass
energy [144]. The red line is an extrapolation between data points and the yellow
shaded area is the uncertainty.
Figure 6.1 shows the visible bb cross section at LHCb as a function of energy
at the LHC. An increase in energy from 7 to 8 TeV corresponds to an increase in
cross section of 14.5% [144]. The 2012 data should therefore contain more than
twice as many signal events as the 2011 based on the integrated luminosity and
increase in energy. Assuming the selection efficiency is the same for both samples
this corresponds to a total of 5445 ± 105 signal candidates in 3 fb−1 where the
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uncertainty is propagated from the number of signal candidates in 2011.
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Figure 6.2: Mass distribution for selected K+K−K+π− candidates in 3 fb−1.
A fit to the model described in Sec 4.4 is superimposed (red). The signal
contribution is shown as the blue dotted line. The B0s → φK∗ contribution is
shown as the purple dot-dashed line and the combinatorial background is shown
as the green dotted line.
A fit to the K+K−K+π− mass is shown in Figure 6.2 with results shown in
Table 6.5. The fit determines 5289 ± 75 signal candidates, in good agreement
with the expectation. Also noteworthy is the width of the Crystal Ball function,
which is 1 MeV/c2 narrower than the 2011 dataset. This is due to improvements
in the software which determines the detector alignment from track data.
Parameter Value
M( MeV/c2) 5284.8 ± 0.2
σ( MeV/c2) 14.7 ± 0.2
NBd 5289 ± 75
NBs 107 ± 15
Table 6.5: Results of a mass fit to 3 fb−1 of data using the model described in
Sec. 4.4.
6.2.2 Expected sensitivity of angular analysis
In the previous section a preliminary fit of the K+K−K+π− mass spectrum
is performed using 3 fb−1 of integrated luminosity, with the results shown in
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Table 6.5. To estimate the sensitivity on the polarisation amplitudes using this
sample, pseudo-experiments are used.
Parameter Generated Absolute uncertainty Relative uncertainty
value 3 fb−1 (%) 3 fb−1 (%) 1 fb−1 (%)
fL 0.499 0.010 2.0 3.8
f⊥ 0.235 0.009 3.8 7.2
fS(Kπ) 0.170 0.007 4.1 9.1
fS(KK) 0.100 0.006 6.0 10.7
δ⊥ 2.60 0.033 1.3 2.4
δ‖ 2.50 0.033 1.3 2.7
δS(Kπ) 2.00 0.030 1.5 2.8
δS(KK) 2.00 0.041 2.1 2.9
ACP0 0 0.020 - -
ACP⊥ 0 0.038 - -
AS(Kπ)CP 0 0.040 - -
AS(KK)CP 0 0.060 - -
δCP⊥ 0 0.033 - -
δCP‖ 0 0.033 - -
δS(Kπ)
CP 0 0.030 - -
δS(KK)
CP 0 0.041 - -
Table 6.6: Values used to generate a series of pseudo-experiments. Also shown
are the average absolute and relative statistical uncertainties. The final column
labelled ‘1 fb−1’ shows the relative statistical uncertainty obtained in a fit to
1 fb−1 of data (see Table 5.3).
For each pseudo-experiment 5300 events are generated using the values given
in Table 6.6, half are generated as B0 → φK∗0 and half as B0 → φK∗0. The
detector acceptance is included using the method described in Sec. 4.5, however
to simplify the study all of the events are generated with the TOS acceptance
shape. A fit is made to these events using the model described in Eqn. 3.16. This
is repeated 100 times and the average of the statistical uncertainty is shown in
Table 6.6 in the column titled ‘Absolute uncertainty 3 fb−1’.
As the generation values of the parameters are different from those measured
in data, the relative uncertainties are also shown. This is defined as the absolute
uncertainty divided by the central value e.g. σfL/fL. For comparison, the relative
uncertainty from the 1 fb−1 result (Sec. 5.3) is shown in the column labelled
‘Relative uncertainty 1 fb−1’.
Scaling the uncertainty from the 1 fb−1 results by the ratio of yields, the
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statistical uncertainty is expected to reduce by approximately a factor 1.8; this
is confirmed via the pseudo-experiments. The relative uncertainty for the CP -
violating parameters is not defined because the generated value is zero. However,
it can be seen that the precision on these parameters is also approximately twice
as small.
These predictions do not take into consideration any improvements to a future
analysis and do not include systematic uncertainties. These will be discussed in
the next section.
6.2.3 Expected improvements
The results presented in Sec. 5.7 have roughly equal statistical and systematic
uncertainties. Therefore, any future analysis must improve on the systematic
uncertainties if more data are added.
The dominating systematic uncertainty is caused by the precision of the
acceptance correction. This scales with the size of the simulation sample which
was roughly 45,000 for the 1 fb−1 analysis. A larger simulation sample has been
generated with 2012 conditions i.e. centre-of-mass energy
√
s = 8 TeV. With the
selection applied (see Sec. 4.2) there are approximately 345,000 candidates. This
is seven times larger than the previous simulation sample and will drastically
improve the precision on the acceptance correction, reducing the systematic
uncertainty. The larger sample will also improve the understanding of the
difference in kinematics between data and simulation.
The approximate increase in precision presented in Sec. 6.2.2 is based on an
identical selection to that used for the 2011 data. As the kinematic distributions
are slightly different for each sample due to the difference in centre-of-mass energy,
optimising the GL separately for each period could increase the signal efficiency.
Additionally, LHCb has improved its particle identification algorithm through
the use of multivariate techniques. Using these new variables could also provide
moderate gains (5-10%) in selection efficiency.
Extending the K+π− mass region above 1 GeV/c2 would allow LHCb to study
the higher order K∗0 resonances while drastically increasing the number of signal
and background events recorded. An efficient selection will need to be produced




The most precise angular analysis of the decay B0→ φK∗0 has been performed
using 1 fb−1 of integrated luminosity collected by the LHCb experiment. The
results show roughly equal components with transverse and longitudinal polari-
sations. This is consistent with, but more precise than, previous measurements
presented by the BaBar and Belle collaborations [83,86]. The results also show the
presence of large S-wave components in both the K+K− and K+π− systems. CP
violation is searched for in the polarisation amplitudes and phases by comparing
the amplitudes when fitting to B0 and B0 samples separately, however no evidence
is found.
The polarisation amplitudes and phases are also used to determine the triple
product asymmetries. The measured true asymmetries show no evidence for CP
violation while three of the fake triple product asymmetries are consistent with
the presence of final-state interactions.
The difference in direct CP asymmetries between B0 → φK∗0 and B0 →
J/ψK∗0 is also measured and found to be consistent with zero. A future analysis
by LHCb has the potential to significantly improve upon these results.
The results support the Standard Model expectation of zero CP violation
while the precision on the polarisation amplitudes far exceeds that of theoretical
predictions. Thus, to further probe the Standard Model and search for new
physics, future searches should focus on improving the measurements of the CP -
violating parameters and triple product asymmetries.
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Appendix A
Study of the experimental
resolution on mKK
A.1 Average resolution
Due to detector resolution effects on momentum and energy measurements the
reconstructed mass of the φ and K∗0 mesons is expected to be smeared by a
Gaussian with width of the experimental resolution. Simulated events are used
to evaluate the resolution.
The mKK distribution from simulation is used to fit a Breit-Wigner function
convolved with a Gaussian distribution. The width of the Breit-Wigner is fixed to
the World average width of the φ meson (4.26 MeV/c2) [10] and the width of the
Gaussian distribution is left free. The fitted width of the Gaussian distribution
is then the experimental resolution on mKK , which is measured to be 1.18 ±
0.03 MeV/c2. Figure A.1 shows the a fit to mKK using this model.
Due to the large width of the K∗0 meson (∼ 45 MeV/c2) compared to the
experimental resolution, the resolution effect on the measured mKπ distribution
is ignored.
A.2 Effect of mass-dependent resolution
Section A.1 shows that the detector acceptance needs to be taken into account
to have a proper description of the reconstructed φ line shape. However, the
resolution measured in Section A.1 is actually an average resolution over the fit
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Figure A.1: mKK distribution from simulated data. A fit to a Breit-Wigner
function convolved with a Gaussian distribution is overlayed.
range. The absolute value of the resolution is proportional to the momentum
of the daughter particles therefore the momentum resolution changes over the
K+K− mass range. This is demonstrated in Figure A.2 using simulated events.
A toy study is performed to test the effect this has on the fit results.
One hundred toys of 500,000 events each are studied, where the events are
generated with a mass-dependent resolution taken from a fit to the data points
in Figure A.2. The same events are then fit using a common resolution for all
events corresponding to the measured value in the simulation (1.18 MeV/c2). The
distribution of all fit results are plotted and fit using a Gaussian distribution.
The difference between the mean of the Gaussian and the generated value is
shown in Table A.1. This is much smaller than the statistical uncertainty, it is
therefore safe to ignore the mass-dependent resolution in the fit and no systematic
uncertainty is necessary.
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Figure A.2: Resolution on mKK , calculated in bins using simulation. A fit
to a first order polynomial is overlayed. The coefficients of the polynomial are














Fit validation with simulated
data
B.1 Fitting simulated data
Fits to simulation are shown as a cross check to see if the generation values are
retrieved. The B0→ φK∗0 simulation is generated with helicity amplitudes
H+ = 0.69 ,
H0 = 0.72 ,
H− = 0.03 , (B.1)
and phases
δ+ = 1.39 ,
δ0 = 0.0 ,
δ− = −0.74 . (B.2)
Using Eqn. 3.2 these are converted to the following transversity amplitudes
fL = 0.521 ,
f⊥ = 0.251 ,
δ⊥ = 1.426 ,
δ‖ = 1.352 . (B.3)
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Fitting to simulated events which have no angular acceptance effects or
selection cuts applied yields the results in Table B.1 and fitting to fully simulated
and selected events yields the results in Table B.2. The yields are also included
though these are not calculated from the fit. The fit to simulation includes the
detector acceptance as discussed in Sec. 4.5. The simulation was generated with
no S-wave amplitudes or CP -violation so these are fixed to zero in the fit. Results
from generator level and fully reconstructed simulation are in good agreement.
Parameter Value
fL 0.523 ± 0.002
f⊥ 0.248 ± 0.002
δ⊥ 1.420 ± 0.008
δ‖ 1.334 ± 0.007
Event yield 91856
Table B.1: Results of a fit to simulated events which have no selection applied
or detector acceptance effects included. The uncertainty is statistical only.
Parameter Value
fL 0.527 ± 0.003
f⊥ 0.244 ± 0.002
δ⊥ 1.426 ± 0.011
δ‖ 1.355 ± 0.010
Event yield 45550
Table B.2: Results of a fit to fully simulated events with detector acceptance
correction included. The uncertainty is statistical only.
B.2 Acceptance correction validation
In this section the simulated data are fit separately in the following subsamples:
TOS, not-TOS, magnet up and magnet down. Magnet up/down refers to the
polarity of the LHCb magnet in the simulation. The TOS/not-TOS fit results are
compared in Table B.4 and the results from each magnet polarity are compared
in Table B.5. Good agreement is seen between the results.
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Parameter Value
fL 0.527 ± 0.003
f⊥ 0.244 ± 0.002
δ⊥ 1.426 ± 0.011
δ‖ 1.355 ± 0.010
ACP0 -0.005 ± 0.005
ACP⊥ 0.010 ± 0.010
δCP⊥ 0.007 ± 0.011
δCP‖ 0.004 ± 0.010
Event yield 45550
Table B.3: Results of a fit to simulated events with acceptance correction
included, allowing non-zero CP violation. The uncertainty is statistical only.
Parameter TOS not-TOS
fL 0.531± 0.003 0.521± 0.005
f⊥ 0.249± 0.003 0.235± 0.004
δ‖ 1.357± 0.013 1.352± 0.016
δ⊥ 1.436± 0.014 1.411± 0.018
ACP0 −0.007± 0.006 −0.002± 0.009
ACP⊥ 0.014± 0.012 0.003± 0.017
δCP⊥ 0.004± 0.014 0.011± 0.018
δCP‖ 0.006± 0.013 0.002± 0.016
Table B.4: Result of separate fits to TOS and not-TOS trigger samples using
simulated data. The uncertainty is statistical only.
Parameter Magnet up Magnet down
fL 0.527± 0.004 0.527± 0.004
f⊥ 0.244± 0.003 0.243± 0.003
δ‖ 1.348± 0.014 1.363± 0.014
δ⊥ 1.426± 0.016 1.427± 0.016
ACP0 −0.001± 0.007 −0.010± 0.007
ACP⊥ 0.000± 0.014 0.020± 0.014
δCP⊥ 0.005± 0.016 0.009± 0.016
δCP‖ 0.006± 0.014 0.003± 0.014
Table B.5: Result of separate fits to magnet up and down samples using





C.1 Comparison between data and simulation
To check the agreement between data and simulation, the sPlot technique is
used to create background subtracted distributions of the kinematic variables.
The simulation has been weighted to have the same ratio of TOS to not-TOS
candidates as the signal data, this ensures differences in the distributions are
not due to the large difference in the ratio of TOS to not-TOS events between
data and simulation. Despite this, differences are observed between the two
sets of distributions. This is treated as a source of systematic uncertainty (see
Sec. 5.3.1). It can be seen that after reweighting of the final-state particle
momenta the difference between data and simulation reduces, particularly in the
low momentum region. This agreement is not perfect due to the coarse binning
used during the reweighting.
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Figure C.1: Comparison of the B0 momentum (left), transverse momentum
(center) and pseudorapidity (right) between data (red points) and simulation
(solid yellow). The simulation histogram is normalised to the number of
candidates seen in data.
]cp [GeV/

























































Figure C.2: Comparison of the pion momentum distribution between data
(red points) and simulation (solid yellow) before (above) and after (below) the
reweighting procedure described in Sec. 5.3.1 is applied. The simulation is
normalised to the number of candidates seen in data.
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Figure C.3: Comparison of the pion transverse momentum distribution between
data (red points) and simulation (solid yellow) before (above) and after (below)
the reweighting procedure described in Sec. 5.3.1 is applied. The simulation is
normalised to the number of candidates seen in data.
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Figure C.4: Comparison of the maximum kaon momentum between data
(red points) and simulation (solid yellow) before (above) and after (below) the
reweighting procedure described in Sec. 5.3.1 is applied. The simulation is
normalised to the number of candidates seen in data.
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Figure C.5: Comparison of the minimum kaon momentum between data
(red points) and simulation (solid yellow) before (above) and after (below) the
reweighting procedure described in Sec. 5.3.1 is applied. The simulation is
normalised to the number of candidates seen in data.
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Figure C.6: Comparison of the maximum kaon transverse momentum between
data (red points) and simulation (solid yellow) before (above) and after (below)
the reweighting procedure described in Sec. 5.3.1 is applied. The simulation is
normalised to the number of candidates seen in data.
142



































































Figure C.7: Comparison of the minimum kaon transverse momentum between
data (red points) and simulation (solid yellow) before (above) and after (below)
the reweighting procedure described in Sec. 5.3.1 is applied. The simulation is
normalised to the number of candidates seen in data.
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C.2 Comparison between signal and control chan-
nel
The agreement between kinematic variables for the signal channel B0→ φK∗0
and control channel B0 → J/ψK∗0 is studied in this section where the data
have been separated into TOS and not-TOS samples. Figure 5.12 shows the
combined distribution. Good agreement is observed for the not-TOS kaon and
pion distributions while both the B0 and TOS kaon and pion distributions show
small differences. It is assumed these differences are covered by the systematic



















































































Figure C.8: Comparison of the B0 momentum between B0→ φK∗0 (red points)
and B0→ J/ψK∗0 (solid yellow) for TOS (above) and not-TOS (below). The
control channel is normalised to the number of candidates seen in signal data.
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Figure C.9: Comparison of the kaon (from K∗0) momentum between B0 →
φK∗0 (red points) and B0→ J/ψK∗0 (solid yellow) for TOS (above) and not-
TOS (below). The control channel is normalised to the number of candidates
seen in signal data.
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Figure C.10: Comparison of the pion (from K∗0) momentum between B0→
φK∗0 (red points) and B0→ J/ψK∗0 (solid yellow) for TOS (above) and not-
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